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Abstract 

 

Replacing coal with natural gas is one of the feasible approaches to mitigate CO2 

emission at present. To satisfy the increasing global demand for natural gas, 

more research and development efforts are being put in converting the highly 

sour natural gas into applicable energy sources. Adsorption processes offer a 

promising method to remove the bulk sour component, CO2, from high pressure 

sour natural gas. 

Adsorptive properties of six zeolites and one silica gel (CBV-760, CBV-780, HSZ-

320HOA, HSZ-350HUA, HSZ-385HUA, HSZ-390HUA, and Sorbead® WS) were 

characterised by various methods. Their adsorption isotherms of CO2 and CH4 

in the low-pressure regime (0 – 10 bar) were used to determine the isosteric heat 

of adsorption, while the high-pressure adsorption isotherms (0 – 50 bar for CO2 

and 0 – 100 bar for CH4) were fitted to the Toth and the Langmuir adsorption 

isotherm models. The model fitting parameters were further used in a rigorous 

simulation model to evaluate the performance of the selected adsorbents in 

separating a gaseous mixture with 30% CO2 and 70% CH4. The simulated CH4 

recovery were used as a major adsorbent performance metric. Besides, another 

traditional adsorbent performance indicator, IAST (Ideal Adsorbed Solution 

Theory) selectivity, was employed for the screening of the adsorbents. Both 

evaluation metrics gave different results about the performance ranking for the 

same CO2/CH4 separation application. Although HSZ-320HOA was suggested 

to be the best adsorbent among selected materials by the IAST selectivity, the 

process simulation preferred Sorbead® WS which achieved the highest CH4 

recovery (71%) among selected adsorbents. 

To push the limitations of the traditional adsorbent performance indicators, a new 

indicator was proposed. The new indicator, adiabatic column working selectivity, 

contained all features that other indicators have, and also involved a new factor, 

the components remaining in the void gas phase. The adsorbent evaluation 

results of the adiabatic column working selectivity were compared with the results 

of other indicators and the rigorous simulation model. It was found that only the 

new indicator could match the results of simulations well, while other indicators 
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deviated more or less from the simulation results.  

The new indicator was proved effective for screening the adsorbents for the 

application of CO2 removal from natural gas, but to apply this indicator, two 

process variables, the temperature and bed composition at the end of the 

desorption step must be determined beforehand. To overcome this difficulty, two 

simplified simulation models were developed to facilitate the calculation of all 

critical process variables. The newly developed simplified models could 

determine the comparable desorption conditions as well as the rigorous 

simulations, but within much less computation time.  

A pressure swing adsorption (PSA) plant was operated in the CO2CRC Otway 

CO2 Capture Research Facility applying Sorbead® WS as the adsorbent to 

separate CO2 from gas mixtures with various compositions (28 mol% to 78 mol% 

CO2 balanced with CH4) under different conditions from May 2017 to May 2019. 

Using the recorded process conditions, the process performance predicted by 

the simplified models could agree well with the actual process performances. 

This outcome verified the validation of the simplified models. 

Overall, we found a novel adsorbent performance indicator, adiabatic column 

working selectivity to evaluate the performance of adsorbents for the application 

of CO2 removal from natural gas at high-pressure. At the same time, with the 

help of a newly developed simplified verified by a real PSA plant, the calculation 

results of the adiabatic column working selectivity can more precisely predict and 

screen adsorbents for the targeted application.  
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1 

    

INTRODUCTION 

1.1   Global warming and fossil fuel transitions 

The issue of global warming attracted continuous attention and discussions 

worldwide in the last three decades. The Intergovernmental Panel on Climate 

Change (IPCC) founded in 1988 has published five assessment reports 

regarding the remedial efforts for global warming, and their latest report clearly 

stated that it is anthropogenic activities that have caused approximately 1.0 oC 

of global warming above pre-industrial levels [1]. According to the report specific 

to the issue of CO2 emission from consumption of fossil fuel published by 

International Energy Agency (IEA), the anthropogenic carbon emission owing to 

fulfilling the global energy demand is the absolute key contributor of the global 

warming, which accounted for 74% of the total global emissions in 2015 [2]. In 

the meantime, the energy demand will rise by an average rate of 1.3% each year 

to 2040 based on the prediction of IPCC. If the world continues along the current 

international energy and environmental policies without any additional changes, 

it will inevitably further concentrate the energy-related greenhouse gas in the 

atmosphere [3]. To meet the essential target of Paris Climate Agreement, 

restricting the global temperature rise to “well below 2 ℃, … and pursuing efforts 

to limit it to 1.5 oC” over pre-industrial levels within the 21st century [4], multiple 

renewable and low-carbon fuels and technologies providing efficient and cost-

effective energy are required to achieve significant emission cuts.  

One of the feasible approaches to mitigate CO2 emission is by replacing coal 

with natural gas, or called coal-to-gas switching. Natural gas is relatively cleaner 

than other fossil fuels. Theoretically, harvesting energy by burning natural gas 

emits around 20% fewer CO2 than burning oil and 40% fewer than coal 

combustion for each unit of energy output [3]. Statistics show that nearly 10 

gigatons (Gt) of CO2 emissions were solely attributed to the coal-fired electricity 

generation, which accounted for around 30% global emissions in 2018. Coal-to-

gas switching in the power sector could lead to an immediate emission saving of 

around 1.2 Gt CO2 without major infrastructure alternations, and potential further 

saving if lower gas prices are accessible. Of course, it is only a short-term 
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remedy for the global climate change, and the emission reduction effects will 

fade away when a more decarbonised energy system is favoured in the future. 

However, coal-to-gas switching is still a valuable approach among a portfolio of 

options to reduce emissions, providing plenty of flexibility to the global power 

systems to gradually transit from high-carbon fossil fuel. Besides, while 

renewables are regarded as a solid solution for the global warming, the essential 

fuel-fired power generations as the baseload sources undertaking coal-to-gas 

switching can also benefit the overall emissions reductions. In the Sustainable 

Development Scenario that IPCC proposed to meet the Paris Climate Agreement 

in full, the coal-to-gas switching contributes around 8% of the overall emission 

reduction in the 2018 to 2040 period [3].  

As the prevalence of coal-to-gas switching increases and the indigenous growth 

continues before the renewable replacement, the demand for natural gas of any 

forms (pipeline and liquified natural gas) will increase accordingly. The IPCC 

calculates that the global gas demand will increase by 19.9 % until 2030 and 

37.3% until 2040 if following the current policies, as listed in Table 1.1. To fulfill 

the increment of the future demand, unconventional sources of gas are given 

high expectations comparing to the conventional gases. Here, unconventional 

gas is referred to the natural gas when it cannot be extracted from the Earth 

either through naturally occurring pressure, or pumping mechanisms. Sour 

natural gas, shale gas, tight gas, coal bed methane, and biogas all belong to 

unconventional gas.  

Table 1.1 Global gas demand prediction under the stated policies, in billion cubic meters 

(bcm) [3]. 

Year 2000 2018 2030 2040 

Conventional gas 2,318 3,004 3,293 3,694 

Unconventional gas 189 933 1,426 1,711 

World total gas  2,507 3,937 4,719 5,405 

Change 63.7% 100% 119.9% 137.3% 

1.2   Acid gas removal from natural gas 

One of the major issues regarding the exploitation of natural gas resources is the 
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presence of associated impurities which must be separated before the transport 

and application of the gas. Some of the conventional gas sources and most of 

the unconventional gas sources could contain higher amounts of impurities. For 

many years, the exceeding amount of impurities have prevented those resources 

to be exploited due to the high cost incurred for the necessary downstream 

separation processes, when lower-cost conventional natural gas was available. 

As the global gas demand soars, as well as the number of the potential high-

quality gas resources is going to decline, the previous non-attractive gas 

resources turn out to be more appealing to the energy industry, and consequently, 

more research and development efforts are being put in tackling the issues of 

separating impurities from natural gas. 

Table 1.2 Natural gas composition in volumetric percentage (vol%) of selected gas 

reservoirs [5,6] 

 
Gorningen 

(Netherlands) 

Kapumi 

(New 
Zealand) 

Uch 
(Pakistan) 

Uthmaniyah 
(Saudi 
Arabia) 

Northern 
Carnarvon 

Basin 
(Australia) 

CH4 81.3 45.6 27.3 55.5 83.4 

C2H6 2.9 5.8 0.7 18 4.4 

C3H8 0.4 2.9 0.3 9.8 1.4 

C4H10 0.1 1.1 0.3 4.5 0.5 

C5+ 0.1 0.8 - 1.6 0.2 

N2 14.3 - 25.2 0.2 1.7 

H2S - - - 1.5 - 

CO2 0.9 43.8 46.2 8.9 8.2 

 

The presence of CO2 in these sources of gas is one of the major impurities. High-

quality conventional gas contains around 0 to 3% of CO2, while the sub-quality 

gas reservoirs could have very high CO2 containment up to from 30% to 80%. 

According to a statistic conducted by ExxonMobil, roughly half of the global 

proven and probable natural hydrocarbon gas reservoirs have a CO2 content 

greater than 2%, and most of them are in the range 15% to 80% [7]. The 

compositions of some natural gas reservoirs are listed in Table 1.2. Some of the 
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large deposits of gas with high CO2 contents are located in Southeast Asia, North 

America, and north-western Australia [7,8]. To meet the quality specifications for 

pipeline natural gas in different countries, the level of CO2 has to be proceeded 

to less than 1 to 3 vol%, while to satisfy the specification for further liquified 

natural gas (LNG) processing, the CO2 should be less than 50 ppmv (parts per 

million volume) [9]. 

Removing CO2 from raw natural gas is a crucial step in natural gas processing. 

It is carried out in the acid gas removal units which separates contaminates in 

the dry gas such as CO2 and H2S. This process can also be called as the gas 

sweetening process. Current gas sweetening technologies that are widely used 

include solvent-based absorption process, solid-based adsorption processes, 

cryogenic condensation and membranes [10]. Each of the technologies has its 

advantages and shortages relative to the others. 

1.3   Purpose of this work and the outline 

The present study will focus on the topic regarding separating CO2 from high-

pressure natural gas by adsorption technology. The aim is to characterize novel 

adsorbents to have good selectivity of CO2 over CH4 at the operating pressure 

of gas sweetening process, and what’s more important, to find a general and 

cheap way to effectively evaluate the adsorbents’ process performance to help 

the adsorbents screening and selection.  

Following key points have been covered to accomplish the objectives of the 

present study: 

1. To characterize six zeolites and one silica gel adsorbents for CH4/CO2 

separation; 

2. To evaluate adsorbent performances through PSA process 

simulations; 

3. To develop a new process performance indicator for adsorbent 

evaluations; 

4. To compare adsorbent performances from existing indicators and 

process simulations with the new indicator; 

5. To develop and validate a simplified PSA simulation model; 
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6. To demonstrate the performance of an actual PSA plant for CH4/CO2 

separation.  

The work in this thesis is presented as follows; chapter 2 presents an extensive 

literature review revolving around the application of separating CO2/CH4 via PSA 

process at high pressure. Chapter 3 characterizes the structure and adsorption 

properties of seven novel adsorbents, and evaluate the performance of these 

adsorbents using existing performance indicators and a rigorous PSA simulation. 

In chapter 4, a new adsorbent performance evaluation indicator is proposed. 

Then in chapter 5, two simplified PSA simulation models are developed to 

facilitate the use of the new performance indicator. The new models are then 

validated in chapter 7 by the experiments carried in an actual PSA plant. The 

final chapter presents the overall conclusions and recommendations for future 

work. 
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LITERATURE REVIEW 

This chapter is to review the existing literature over a range of topics regarding 

CO2 removal from natural gas by adsorption technology. Firstly, the fundamental 

theories of adsorption processes are covered, including the concept of 

adsorption, adsorbents, and the separation mechanisms. Secondly, topics 

specific to the application of adsorption in natural gas processing and sweetening 

are discussed. This section outlines the adsorbents highlighted by their 

potentials of CO2 capture from natural gas, and the reported pressure swing 

adsorption processes for high-pressure CO2/CH4 separation. Thereafter, we 

emphasize a particular topic, the adsorbent performance indicators which are 

used to evaluate and screen adsorbents for a given adsorption process. 

2.1   Adsorption 

2.1.1   Adsorption theory 

A general definition of adsorption is the phenomenon that the molecules of fluids 

adhere to the surface of a solid material [11]. It should be clearly distinguished 

from the concept of absorption, where molecules of fluids dissolve into another 

fluid or solid phase.   

Adsorption is a surface phenomenon that is driven by the unsaturated force 

acting at the solid surface due to the discontinuity of the structure [12]. So, in 

principle gas molecules under any pressures and temperatures can interact with 

the solid surface via different types of bonding. The diversity of the interaction is 

because both solid surface and gas molecules can vary considerably in terms of 

various properties. Gas molecules with different sizes, structures, or electronic 

properties would show different affinities to the solid surface. Also, the variation 

of the solid surface would also provide different types of adsorption sites. 

Depending on the nature of interactions between the gas molecules and the solid 

surface, the adsorptive separation can be classified primarily into two types: 

physical adsorption and chemisorption. 

In chemisorption, the adsorptive site on the solid is capable to connect the 
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adsorbate with covalent bonds. Such connections are strong and greatly 

enhance the adsorption capacity of the component with specific chemical 

characteristics, while in the meantime other components that are not targeted 

are reduced on their competitiveness for the adsorptive site. For example, the 

amine-modified zeolites show incredible CO2 capacity which could be used in 

the applications of post-combustion capture [13–15]. However, the shortcoming 

is that the chemical connections require more effort to reverse, hence higher 

energy consumption. This drawback limits the scope of chemisorption in most 

process applications. It could be employed to removing critical but trace 

contaminants in the gas mixture, such as hydrogen sulphide [16].    

Physical adsorption is more commonly applied in most of the adsorption 

separations. The interaction between adsorbates and adsorbent surface is 

governed primarily by van der Waals forces and/or coulombic forces. When the 

solid surface is mostly covered by nonpolar sites, the adsorbate-adsorbent 

interaction will be caused by the dispersion repulsion forces, the major 

contribution of van der Waals forces. When the solid surface is polar, and the 

adsorbates are of different electrostatic characteristics, such as dipole moment, 

quadrupolar moment, their interaction can be enhanced by the electrostatic 

forces. Therefore, selectivity of polar species, such as water and CO2, over 

nonpolar species, like CH4, will be shifted to the polar side.   

2.1.2   Adsorbents 

Since the solid surface is the place where the adsorption occurs, any solid 

material theoretically can act as an adsorbent. However, a solid material is 

normally exploited to be a practical adsorbent when it presents a huge surface 

area within a relatively small space. This is usually achieved when the solid 

material contains a complex internal structure and porosity. The porous 

structures inside the solid can be classified into three categories according to the 

dimensional size of the pore, 𝑑 , via the recommendation by IUPAC: (1) 

micropores when 𝑑 is smaller than 2 nm, (2)  mesopores when 𝑑 is between 2 

and 50 nm, and (3) macropores when 𝑑  is larger than 50 nm [17]. This 

classification is arbitrary under the S.I. unit scheme and was developed on the 

basis of adsorption of nitrogen on a wide range of material [18].    
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Apparently, according to geometric principles, when the pore volume is a 

constant, the smaller size the pore is, the larger surface area the solid will have 

because of the porous structure. This statement suggests that a solid material 

with large microporous volume is the ideal adsorbent with adequate adsorptive 

capacity. However, with only micropores, the mass transfer of the gas molecules 

from bulk gas to the solid surface would suffer from steric restriction, so that it 

takes too long for the adsorbate to reach the adsorptive sites. This eventually 

requires a longer and larger adsorption column, and consequently leads to low 

productivity. Of course, some adsorption applications manage to exploit the 

different kinetic resistances between competitive adsorbates with different 

physical properties to achieve a kinetic separation. This separation mechanism 

will be introduced in a later section. In general, a qualified adsorbent is required 

to provide good adsorptive capacity and kinetics simultaneously. Therefore, a 

solid material with a combination of pores of a range of size is suggested for 

practical separation processes [18,19]. The micropores in the porous solid can 

provide sufficient surface area and micropore volume to assure adsorption 

capacity, while the meso and macro-porous network offer the “high-way” for gas 

molecules to transfer from the exterior to the interior structure. 

2.1.2.1  Activated carbon 

Activated carbon is the most exploited adsorbent because of its extremely high 

surface area and micropore volume. Their interior structures are highly affected 

by the starting materials before “activated” and the activating process.  

The starting materials can be coal, coconut shell, biomass, polymers and any 

other materials with high carbon content. Then, carbonaceous raw materials are 

carbonised at various high temperatures in an inert atmosphere to eventually be 

converted into activated carbon. In this process, all non-carbon elements within 

the raw materials, such as hydrogen, nitrogen and oxygen, react to produce 

volatile compounds and leave the system. The subsequent residual elementary 

carbon assembles into a network of flat carbon sheets in a random arrangement. 

This skeleton of carbon provides a broad spectrum of pore size, which acts as 

the structural foundation of activated carbon being adsorbents. 

The pore size distribution in activated carbon can be manipulated by changing 
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different starting materials, as well as altering the heating and cooling procedures 

of the activation. For example, a special type of activated carbon, carbon 

molecular sieve with narrow pore size distribution is produced by pyrolyzing a 

hard coal under carefully regulated conditions [20]. Recent approaches of fine-

tuning the pore size distribution of activated carbon are carried out by fixing 

carbon on a highly ordered template material, and then eliminating the template 

and maintaining the carbon skeleton as the ordered structure [21,22]. More 

details regarding activated carbon could be obtained from the literature [23]. 

2.1.2.2  Silica-gel 

Silica-gel is one of the silicic adsorbents, traditionally produced by dehydrating 

the polymeric colloidal silica acid. The chemical composition of silica gel is as 

simple as SiO2 ∙nH2O, where the water molecules present in the structure are 

mainly in the form of hydroxyl groups connecting SiO2.  

Similar to the activation process as activated carbon, the drying process for the 

silica-gel greatly alters the interior network structures. The preparation process 

is demonstrated in a simple sketch in Figure 2.1. Before dehydration, the chains 

and nets of linked tetrahedra [SIO4] are relatively dispersed in the solution. As 

the water content decreases, the linked structures aggregate to form spherical 

particles. With further dehydration, the particles agglomerate to form a porous 

structure as the basic structure for an adsorbent. The bond formed within the 

particles by eliminating a water molecule between two hydroxyl groups makes 

the porous structure physically robust. The pore size distribution is greatly 

affected by the solution conditions, like cations present and pH, and the 

dehydration procedure [24]. 

 

Figure 2.1. Scheme of silica-gel preparations. Recreated according to the figure from 

Dehydration

Solution Silica-gel
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reference [24].   

2.1.2.3  Zeolites 

Zeolites are an important class of adsorbents. In contrast with the amorphous 

topology of activated carbon and silica gel, zeolites are crystalline materials. 

The primary building units of zeolites are normally composed of an assemblage 

of [SiO4] and [AlO4] tetrahedra connected with shared oxygen atoms. The 

primary building units then construct the secondary polyhedral building units to 

form final three-dimensional crystalline frameworks. 

 

Figure 2.2. Line representations of zeolite structure from (a) primary building units to 

secondary polyhedral building units (b) type A zeolite and (c) type X and type Y zeolite [12] 

Figure 2.2 clearly illustrates the structure of two common types of synthetic 

zeolites, type A and type X and Y zeolites. Each vertex of the structure is either 

a silicon or aluminium atom, and the lines between vertices represent the bond 

of shared oxygen. The primary building structure of both types are identical, 

which is the truncated octahedra as shown in Figure 2.2(a). The difference is that 

within type A zeolite the primary building units are linked via the four-member 

ring, while within type X and Y they are connected by the six-member ring, 

demonstrated in Figure 2.2(b) and Figure 2.2(c) respectively.  

Because of this fundamental divergence, they have different porous 

configurations within their structures. The central cavity surrounded by the 

primary building units in type A zeolite has a free diameter of 11.4 Å, which is 
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accessible via the eight-member ring with a minimum diameter of 4.4 Å, while 

the aperture of the twelve-member ring in type Y zeolite has a diameter of 

approximately 7.4 Å [12]. These data of type A zeolites are only valid when the 

ratio between the silica and alumina tetrahedra is 1:1, as the dimensional size of 

the cavity would change when the composition of the zeolite skeleton varies.  

Besides, due to the difference of silicon and aluminium in the valence, the [AlO4] 

tetrahedra is negatively charged and requires a cation to maintain the charge 

neutrality. The number of cations on a secondary building unit can be changed 

by tuning the ratio of silica and alumina, while the type of cations can also be 

changed by ion exchange. This can influence the electrostatic characteristics 

and the porous property of the zeolites, and consequently the selectivity of the 

adsorbent.    

2.1.2.4  Metal-organic frameworks 

The final group of adsorbents, MOFs, are discovered in the last few decades. As 

the name indicates, the general structure of MOF is comprised of metal-centre 

units connected by organic linkers forming a crystalline framework. Because both 

the metal-containing units and the organic linkers can be functionalized or varied, 

the inner structure of the framework is tuneable accordingly. With specific 

combinations of metal-centre units and organic linkers, some MOF materials can 

present inherent and permanent porosity, which show great potentials of being 

excellent adsorbents.  

 

Figure 2.3. The basic structure of MOF-5 retrieved from reference [25]. The metal-centre 

units [ZnO4] is shown as the blue tetrahedra. The organic linker, benzene dicarboxylate, 
is illustrated as black (carbon atoms) and red (oxygen atoms) spheres. The yellow sphere 
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is the resulting cavity by the MOF-5 structure, with the centre diameter of 12 Å and the 
aperture width of 8 Å.   

Figure 2.3 demonstrates the structure of one of the earliest reported metal-

organic framework materials, MOF-5 [25]. The figure shows the possibility of 

tuning the pore structure by varying the metal-centre units and the organic linkers. 

Theoretically, there are innumerable combinations of the metal-centre units and 

organic linkers, thus MOFs can potentially be used to satisfy any demands on 

the pore sizes and internal structures for a given separation application. 

Extensive literature can be referred to for further information regarding the 

application of MOFs in the adsorption process [26–28]. 

2.1.3   Separation mechanisms of adsorption 

Gas separation by adsorption is achieved by exploiting the difference of 

interactions of the competitive adsorbates (or co-adsorbates) with the surface of 

the solid adsorbent. In the adsorption process, one component can be selectively 

concentrated on the solid phase while the other components are enriched in the 

gas phase. This selective adsorption and separation are based on three different 

mechanisms: equilibrium separations, kinetic separations, and molecular sieving. 

2.1.3.1  Equilibrium separations 

In section 2.1.1, we have presented the basic concept of how the solid 

adsorbents selectively concentrate one adsorbate more than the other one by 

chemical bonding or difference of the physical interactions. These separations 

are based upon the equilibrium mechanism. That is, the separation is determined 

by the adsorption equilibrium capacity difference among co-adsorbates on the 

adsorbent.  

Equilibrium separation is valid when the size of the adsorbate molecule is much 

smaller compared to the dimensional size of the porous structure of the 

adsorbent, thus the adsorbates can reach the adsorptive sites without suffering 

significant diffusional resistances. Since the equilibrium adsorption capacity of 

the adsorbent is easy to determine by experimental methods and the equilibrium 

separation mechanism is straightforward, equilibrium separations are widely 

employed in industrial applications, such as hydrogen purification in steam-

methane reforming (SMR) [29]. 
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The possible drawback of the equilibrium separation is that all co-adsorbates are 

more or less adsorbed on the solid. Hence, when the adsorbents are 

regenerating to produce the extract stream, the purity will be compromised, and 

consequently impair the recovery of the raffinate product. This is the major 

technical concern of applying adsorption to the CO2 removal from natural gas 

[30]. 

2.1.3.2  Kinetic separations 

Kinetic separations, on the contrary, utilize the difference of the diffusivities 

instead of equilibrium adsorption loadings among co-adsorbates, such that when 

one adsorbate has arrived at the adsorptive sites, the other competitive one is 

still hindered in the network of porous channels. Therefore, the exposure time of 

the adsorbate mixture to the adsorbent can be adjusted to a designated value so 

that only the component with larger diffusivity can adsorb. 

Adsorbates begin to face significant diffusional resistances when the 

dimensional size of the porous structures of the adsorbent is close to the kinetic 

diameter of the gas molecule. The kinetic diameters are related to the 

thermodynamic property of the gas molecule and can be calculated as Equation 

2.1, where 𝑑  is the kinetic diameter, 𝑙  is the mean free path length of the 

molecule and 𝑛  is number of molecules per unit volume [31]. The kinetic 

diameters of some common gas molecules are listed in Table 2.1. 

𝑑2 =
1

𝑙 ∙ 𝜋 ∙ 𝑛
 Equation 2.1 

Table 2.1. Kinetic diameters of common gas molecules[31] 

Molecule 
Kinetic 

diameter (Å) 

H2O 2.65 

H2 2.89 

CO2 3.3 

O2 3.46 

N2 3.64 

CH4 3.8 
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Kinetic separations are widely used in air fractionation to produce nitrogen from 

air with carbon molecular sieve as the adsorbents [32].  

2.1.3.3   Molecular sieving 

Molecular sieving can be regarded as an extreme case of kinetic separations. 

When the dimensional size of the primary pore is small enough to exclude the 

gas molecules with larger kinetic diameters but admit those molecules with 

smaller kinetic diameters, then this gas mixture can be separated by molecular 

sieving mechanism on that specific adsorbent. For example, Zeolite 3A has a 

characterized pore size of 3 Å, which is between the kinetic diameter of CH4 (3.8 

Å) and H2O (2.64 Å), thus it is commonly employed in the natural gas processing 

industry to dehydrate natural gas before further treatment [33]. 

2.1.4   Equilibrium adsorption isotherms 

The equilibrium adsorption isotherms of the adsorbates on a given solid 

adsorbent is a critical property indicating the equilibrium adsorption capacities. 

For equilibrium separation, it is the only major contributor to the selectivity of the 

co-adsorbates, and thus the ultimate separation results; for kinetic separation, 

the equilibrium adsorption capacity is required as well along with the kinetic 

diffusion properties to find the actual selectivity. 

2.1.4.1  Pure component adsorption isotherms 

The equilibrium adsorption amount, 𝑛, of a particular gas-solid pair is determined 

by two system variables, the temperature, 𝑇, and the pressure, 𝑃. It can be 

described using the following equation: 

𝑛 = 𝑓(𝑇, 𝑃) Equation 2.2 

The adsorption amount could be expressed in a unit of [𝑚𝑜𝑙/𝑘𝑔], which indicates 

the mole of gas adsorbed on the unit mass of adsorbent. When the temperature 

is constant, the equilibrium adsorption amount is only a function of pressure and 

the resulting 𝑛 𝑣𝑠. 𝑃 curve is named as the equilibrium adsorption isotherm at a 

given temperature. With changing temperature, several adsorption isotherms at 

different thermal environments can be obtained. 
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The adsorption isotherms could be in six types of shapes which are classified by 

IUPAC as shown in Figure 2.4. The characteristics of the adsorption isotherms 

are related to the interior structure of the adsorbents, and the adsorbate-

adsorbent interaction as well as adsorbate-adsorbate interaction. For example, 

the hysteresis loops in type IV(a) and type V isotherms are referred to the 

phenomenon of mesopore filling. The step increase in type VI could be due to 

the adsorbate-adsorbate interaction [17]. 

 

Figure 2.4. Classification of adsorption isotherms by IUPAC[17] 

For the purpose of CO2 removal from natural gas considered in this work, the 

adsorption isotherms (mainly adsorption isotherms of CO2 and CH4 at normal 

temperature and high pressure) are belonging to type I isotherms. Type I 

isotherms can be expressed mathematically according to different adsorption 

models. One of the most commonly used models is the Langmuir model 

(Equation 2.3), which is derived on a kinetic basis at equilibrium that the 

adsorption rate is identical to the desorption rate [34]. In the equation, 𝑛∗ is the 

saturated adsorption amount at infinity pressure, and 𝑏 is the Langmuir constant 

or affinity number which is related to the process temperature and the adsorption 
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heat 𝑄. 𝑅 is the universal gas constant.   

𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟 𝑚𝑜𝑑𝑒𝑙: 𝑛 = 𝑛∗ ∙
𝑏𝑃

1 + 𝑏𝑃
  𝑤ℎ𝑒𝑟𝑒 𝑏 = 𝑏∞exp (

𝑄

𝑅𝑇
) Equation 2.3 

The original Langmuir equation assumes that the solid surface is uniform, so the 

heat of adsorption and affinity number is constant. Multisite Langmuir model 

(Equation 2.4) was derived by Langmuir himself as a further modification on the 

Langmuir model when apparent heterogeneous adsorptive sites exist in the 

adsorbent. Here the equation presents a case in which there are 𝑚 types of 

adsorptive sites in the adsorbent. Although no upper limits for the number of the 

total sites are applied for multisite Langmuir model, as discussed by Mathias et 

al., there would be a negligible benefit when more than two sites are considered 

[35]. Thus, the dual-site Langmuir equation (𝑚 = 2) is frequently used.   

𝑛 = 𝑛1
∗ ∙

𝑏1𝑃

1 + 𝑏1𝑃
+ 𝑛2

∗ ∙
𝑏2𝑃

1 + 𝑏2𝑃
+ ⋯ + 𝑛𝑚

∗
𝑏𝑚𝑃

1 + 𝑏𝑚𝑃
  

 𝑤ℎ𝑒𝑟𝑒 𝑏𝑗 = 𝑏∞,𝑗 exp (
𝑄𝑗

𝑅𝑇
) , 𝑗 = 1,2, … , 𝑚 

Equation 2.4 

Other approaches for the heterogeneity of the solid surface are introducing new 

empirical parameters into the Langmuir model. The Sips (Equation 2.5) and Toth 

model (Equation 2.6) are among the most used empirical models. The new 

empirical parameter 𝑡 in both models reflect the degree of homogeneity of the 

solid surface. When they are at the value of 1, both models are reduced to the 

Langmuir model which indicates the surface is homogeneous. In contrast, the 

surface is more heterogeneous as the empirical parameters depart from 1 [18].  

𝑆𝑖𝑝𝑠 𝑚𝑜𝑑𝑒𝑙:  𝑛 = 𝑛∗ ∙
(𝑏𝑃)

1
𝑡

1 + (𝑏𝑃)
1
𝑡

   Equation 2.5 

𝑇𝑜𝑡ℎ 𝑚𝑜𝑑𝑒𝑙:  𝑛 = 𝑛∗ ∙
𝑏𝑃

[1 + (𝑏𝑃)𝑡] 
1
𝑡

   
Equation 2.6 

2.1.4.2  Mixture adsorption isotherms 

Pure component adsorption isotherms are important to determine the total 

adsorption capacity of one adsorbate on solid. However, in practical processes, 
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the adsorption separation always involves at least two components. Due to the 

limited number of the adsorptive sites as well as the influence of interaction 

between gas species, the adsorption equilibrium of a gas-solid pair is 

undoubtedly affected in mixture adsorption. 

One of the most used multicomponent adsorption isotherms is the extended 

Langmuir model, which was first proposed by Markham et al [36]. It is also 

derived based on the kinetics basis at an equilibrium state similar to the pure 

component Langmuir model, where the competitive adsorption rate is equal to 

the desorption rate for each of the adsorbate, and the resulting equation is shown 

as Equation 2.7. Compared with the pure component Langmuir equation 

(Equation 2.3), the additional terms in the denominator are the occupancy of 

adsorption sites by the competitive adsorbates which prevent the adsorption of 

the competing adsorbates. 

𝐸𝑥𝑡𝑒𝑛𝑑𝑒𝑑 𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟 𝑚𝑜𝑑𝑒𝑙: 𝑛𝑗 = 𝑛𝑗
∗ ∙

𝑏𝑗𝑃𝑗

1 + ∑ 𝑏𝑗𝑃𝑗𝑗
   Equation 2.7 

When considering the heterogeneity of the solid surface, the adsorption of the 

mixture can also be described by the extended Toth model. The model equation 

with its modern form is modified from the original literature by Jaronice and Toth 

[37], and is shown as Equation 2.8. 

𝐸𝑥𝑡𝑒𝑛𝑑𝑒𝑑 𝑇𝑜𝑡ℎ 𝑚𝑜𝑑𝑒𝑙: 𝑛𝑗 = 𝑛𝑗
∗ ∙

𝑏𝑗𝑃𝑗

[1 + (∑ 𝑏𝑗𝑃𝑗𝑗 )
𝑡𝑗

 ]

1
𝑡𝑗

  
Equation 2.8 

Another prevalent theory aiming to address the mixture adsorption is the 

Adsorbed Solution Theory (AST) firstly developed by Myers and Prausnitz [38]. 

The central principle of AST is that the adsorbed phase on the surface of the 

solid can be regarded in a similar way as a fluid mixture. Therefore, following an 

analogue of Raoult's law, the equilibrium between the bulk gas phase and the 

adsorbed phase can be defined in Equation 2.9, where 𝑃𝑗 is the partial pressure 

of component 𝑗 in the bulk gas phase, 𝑃𝑗
∗(𝜋) is the pure component equilibrium 

pressure subjected to the spreading pressure 𝜋, 𝛾𝑗 is the activity coefficient and 

𝑥𝑗 is the composition in the adsorbed fluid phase.  
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𝑃𝑗 = 𝑃𝑗
∗(𝜋) ∙ 𝛾𝑗 ∙ 𝑥𝑗   Equation 2.9 

Spreading pressure, 𝜋, is a variable reflecting the reduction of the surface energy 

due to the increasing occupation of adsorptive sites by the adsorbed phase [39]. 

The spreading pressure can be estimated by the pure component adsorption 

isotherms. Then, following the fact that at a certain pressure and temperature, 

the spreading pressures of all adsorbates should be identical at equilibrium 

condition, the adsorption amount of each adsorbate can be calculated 

accordingly. The mathematical details for solving AST are not in the scope of this 

work and are not further detailed. Further information can be found in a range of 

adsorption texts [18,19]. 

A simple form of AST is assuming an ideal solution, thus the activity coefficients 

for all components are unity, and the resulting model is called Ideal Adsorbed 

Solution Theory (IAST) model, otherwise, the Real Adsorbed solution Theory 

(RAST) model is defined if the solution is non-ideal. AST offers a relatively simple 

way to examine the mixture adsorption isotherms and the selectivity of the solid 

adsorbent from the perspective of thermodynamics, especially under the 

assumption of IAST the mixture adsorption amounts can be determined with only 

pure component adsorption isotherms.  

2.2   Adsorption for CO2 removal from natural gas 

2.2.1   Adsorption technology 

Solid-based adsorption processes are well-developed bulk gas separation 

technologies in the industry. It has already been extensively applied in hydrogen 

production [40] and air fractionation [41]. For CO2 removal from natural gas, the 

adsorption process is of great potential because it can overcome the major 

drawback, high regeneration energy required by the absorption process. In 

addition, the sorbent loss is a minor problem in the regular adsorption process. 

No chemical degradation nor entrainment of solid is an issue of concern if a 

reasonable process design and adsorbent selection is conducted. 

In an adsorption application, the feed gas stream passes through a bed packed 

with adsorbents, where the gas molecules with a stronger affinity to the 

adsorbent will be selectively adsorbed. The raffinate product will contain less 
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strongly adsorbed components so that the weakly adsorbed component is 

enriched. When the adsorbent in the bed becomes saturated with the strongly 

adsorbed component, the feed gas is then disconnected, and the saturated bed 

is regenerated. In terms of the adsorption column regeneration methods, the 

regular adsorption processes can be briefly divided into a few categories: 

pressure swing adsorption (PSA) that enables the adsorption-desorption cycle 

by changing the pressure in the column, and temperature swing adsorption (TSA) 

that closes the loading-unloading cycle by employing heat duty to change the 

column temperature. To ensure a continuous operation, when one bed is under 

regeneration, a secondary parallel adsorption bed with the same configuration is 

switched to the adsorption step. This scheme of operation is known as the 

adsorption operation cycle.  

PSA is deemed a promising alternative technology for acid gas sweetening 

process because it is inherently adapted to the high-pressure natural gas feed. 

The large pressure difference between the natural gas reservoirs and normal 

atmosphere can directly be exploited as the driving force for the adsorptive 

separation, so that only a small amount of energy is needed for the auxiliary units 

to keep the cyclic operation running. The potential of low energy consumption 

operation by the adsorption process will bring significant economic and 

environmental benefits over conventional technologies. 

However, as far as is known, adsorption-based technology has not been applied 

for CO2 removal from natural gas at large scale. This could be attributed to the 

selectivity loss of the adsorbents under high operating pressure. For 

conventional adsorbents, the CO2 molecule has a stronger affinity because of its 

quadrupole moment, hence, CO2 tends to become saturated at a lower pressure 

than CH4, which does not have any dipole or quadrupole moment. This leads to 

a very high selectivity of CO2 over CH4 in the low-pressure regime, which has 

been reported in previous studies [42]. But as the total pressure rises, the 

competitiveness of CH4 on the adsorptive sites is strengthened, while the 

adsorbed amount of CO2 has plateaued at the saturated amount. Therefore, the 

selectivity of CO2 over CH4 keeps decreasing as pressure increases. This 

undesired effect becomes the most challenging issue in adsorptive gas 

sweetening technology.    
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Two strategic pathways are aiming to improve the overall feasibility of the 

adsorptive CO2/CH4 separations for researchers and engineers to follow. 

The first one is to modify the configuration of the adsorption process. The 

‘configuration’ here refers to sophisticated adsorption cycle arrangements and 

equipment with specific designs adapted to the adsorption cycle. The existing 

adsorption processes for CO2/CH4 separation are reviewed in section 2.2.3.  

The other pathway is to improve the performance of the adsorbents. This does 

not rely merely on finding new materials. It is also important to develop a new 

scheme to evaluate the materials under practical conditions. Many novel 

materials have been reported highlighting their potential to separate CO2 from 

high-pressure natural gas, which will be presented in section 2.2.4. However, 

most of them were assessed either by the established criterion which was not 

designed for evaluating the adsorbents’ performance under a high-pressure 

process, or in a specifically designed process that lacks generality. The absence 

of a viable and accurate evaluating measure results in material researchers 

developing numerous adsorbents with overstated potential and engineers being 

misled on process design from choosing non-optimal adsorbents. 

2.2.2   Existing adsorption processes for CO2 removal from natural gas 

Bulk CO2/CH4 separation adsorption processes are prevalent in the application 

of upgrading biogas and landfill gas. Santos et al. carried out a biogas upgrading 

process on a two-bed PSA system [43]. Y.T. Kang et al. used a four-bed PSA 

experimental apparatus to separate CO2 from biogas with a composition of 54.9% 

CH4 and 45.1% CO2 [44]. A good review on this specific topic was conducted by 

Grande [45]. However, for most of the landfill gas and biogas upgrading 

applications, the highest pressure during the process was below 5 bar, which 

was far below the practical pressure for the application to natural gas sweetening.  

An early patent for bulk CO2/CH4 separation by adsorption was assigned by John 

in 1973 [46]. The feed stream for this application was at 1,000 psia (68.9 bar) 

and comprised of 46.6% methane and 52.6% carbon dioxide balanced with other 

minor components. But the actual performance was not mentioned in the patent 

description. Grande and his colleagues have recently completed studies on high-



 

 

21 

pressure CO2/CH4 separation using PSA processes [30]. They used activated 

carbon as the adsorbent for natural gas sweetening and the separation was 

achieved by the kinetic separation mechanism. A complex 12-bed 15-step PSA 

operation cycles were designed to treat a natural gas feed stream with 10% CO2 

at 70 bar. The light product was of a purity of 97.8% CH4, which satisfied the 

specification for piping natural gas transportation. The purity of the CO2 product 

was 84.5%, which implied that the recovery of methane of the system was 

around 98.3%. However, as the authors pointed out, the economic consideration 

of this PSA unit was greatly compromised because of the huge footage 

requirement for a 12-column PSA plant. Besides, when comparing with the 

conventional absorption process, the loss of valuable methane along with the 

extracted heavy product in adsorption is also a significant detraction. 

There are very few practical industry cases available for CO2/CH4 separation by 

adsorption. One of the early patents assigned by Air Products & Chemicals is to 

remove CO2 from natural gas using carbon-based porous materials in a 

pressure-vacuum swing adsorption process at a pressure of up to 35 bar (500 

psia) [47]. Engelhard (now BASF Catalysts) applied their Molecular Gate™ 

technology initially for nitrogen rejection from natural gas using pressure swing 

adsorption processes, and later successfully for CO2 separation from natural gas 

as well [48]. The proposed adsorbents for this technology was a type of synthetic 

titanosilicate ETS-4. Xebec Adsorption Inc. developed a new approach named 

Rapid Cycle PSA (RCPSA™) [49], which significantly reduced the total footprint 

of the separation units. Instead of bulky piping and valves, RCPSA™ used two 

rotary valves in a compact and integrated system, which allowed similar 

throughput but only in 1/20 of the conventional PSA process footprint. 

ExxonMobil refinery has built and operated a prototype of RCPSA™ units for 

obtaining high purity hydrogen production, and theoretically, it could be 

repurposed for natural gas sweetening. 

2.2.3   Adsorbents for CO2 removal from natural gas 

In Section 2.1.2, we have reviewed the categories of adsorbent material for 

general adsorption process. Regarding the application of CO2 removal from 

natural gas, materials of zeolites, silicate materials, carbonaceous materials, and 
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MOFs were reported to be feasible as the adsorbents for CO2/CH4 separation 

under high pressure. Comprehensive reviews of most reported adsorbents 

published before 2015 for natural gas sweetening process can be found in two 

references [50,51].  

Upon reviewing the reported adsorbents for CO2/CH4 separation, it is 

disappointing to find that although several conventional porous adsorbents and 

novel materials have been highlighted by “good” selectivity of CO2 over CH4, 

most of them only provide adsorption isotherm measurements up to atmospheric 

pressure and at one temperature. Natural gas sweetening by adsorption 

processes need to operate within a wide pressure range, from the gas reservoir 

pressure around 100 to 200 bar, to the desorption pressure of 1 to 5 bar. The 

high-pressure adsorption behaviour cannot be extrapolated accurately with only 

low-pressure adsorption isotherm data. Besides, the very large pressure swing 

within the adsorption cycle implies a thermal effect of the adsorption-desorption 

cycle on the adsorbent, which would amount to 10’s of degrees Celsius, 

significantly influencing the adsorption amounts. The adsorption isotherms at 

one temperature again are far from enough to predict the actual performance of 

one adsorbent under operating conditions. Therefore, extra efforts should be 

paid by future materials research on this topic to provide a completed dataset of 

adsorption isotherms. Webley and co-workers have specified completed 

adsorption isotherms data as under at least two temperatures and up to actual 

operating pressures [52]. 

Table 2.2 provides a summary of various adsorbents for CO2/CH4 separation that 

have completed data sets and are newly published from 2015 to 2020.   

Table 2.2. Summary of existing publications with high pressure (>2 MPa) 

adsorption isotherms data published in 2015 to 2020   

Adsorbent Types Temperature (K) Pressure  Ref. 

CMS KP 407 Carbonaceous 298, 343 
CO2: 0 to 3 MPa 

CH4: 0 to 6.5 MPa 
[53] 

AC Monoliths 
Activated 
carbon 

298, 313, 343 
CO2: 0 to 3 MPa 
CH4: 0 to 4 MPa 

[54] 

AC beads Activated 293, 303, 333, 0 to 4 MPa [55] 
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carbon 363 

Mordenite 
Zeolite β 
Zeolite γ 
ZSM-5 

Zeolite 308, 323, 338 0 to 20 MPa [56] 

ZSM-25 
PST-20 

Zeolite 298 0 to 2 MPa [57] 

ZIF-8 
ZIF-14 
ZIF-71 

MOF 273, 303 
CO2: 0 to 5 MPa 
CH4: 0 to 10 MPa 

[52] 

GrO@MIL-101 
composite material 

MOF 
298, 303, 308, 

313 
CO2: 0 to 2.5 MPa [58] 

UTSA-16 MOF 298, 313, 338 
CO2: 0 to 4 MPa 
CH4: 0 to 5 MPa 

[59] 

MIL-101 MOF 
263, 273, 283, 
293, 303, 313 

0 to 0.8 MPa [60] 

ZIF-8 
AL-BDC 

MOF 298, 323, 348 0 to 5 MPa [61] 

SBA-15 Silicate 298 0 to 4 MPa [62] 

COP-1 (covalent 
organic frameworks) 

Others 
298, 318, 328, 

338 
CO2: 0 to 5.5 MPa 
CH4: 0 to 10 MPa 

[63] 

Zeolite 5A - MOF74 
composite material 

Hybrid 298 0 to 2 MPa [64] 

Zeolite 13X Zeolite 
180, 220, 269, 
323, 373, 473 

CO2: 0 to 6 MPa 

CH4: 0 to 8 MPa 
[65] 

UiO-66(Zr)_(COOH)2 MOF 
180, 200, 270, 
303, 333, 373 

0 to 6 MPa [66] 

 

2.3   Adsorbent performance indicators 

The selection of the adsorbent is absolutely the cornerstone of the adsorption 

process because all engineering aspects must be designed on the basis of the 

actual performance of the adsorbent. The adsorption isotherm measurements 

can present the amount of every component of interest adsorbed on the 

adsorbent under a given condition, but it is only the starting point for adsorbent 

assessment. Further data treatments are required to properly reveal the 

separating ability of adsorbents. The problem of how to apply the available 

adsorption isotherms data to develop an indicator to grade the adsorbent 

mailto:GrO@MIL-101%20composite%20material
mailto:GrO@MIL-101%20composite%20material
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quantitively has always been debatable. Numerous and diverse adsorption 

performance indicators discussed in this section have been defined by 

researchers and proved valid for some specific adsorption processes. 

2.3.1   Evaluating adsorbents by process performance 

The natural way to evaluate an adsorbent is to determine the relative success of 

an adsorption process with the selected material as the core adsorbent. The 

results of an adsorption process are generally presented as the key component’s 

purity and recovery, with additional points-of-interest depending on the 

applications. The purity concerned here is the purity of methane in the permeate 

gas stream, which is methane concentrated, The recovery is the molar 

percentage of methane in the raffinate product compared to the total molar 

amount in the feed stream.   

For natural gas sweetening, the purity of the sweet gas product stream is a 

primary requirement, for the CO2 level of the product is limited to below a certain 

percentage to meet the downstream specification. The recovery of the valuable 

component, methane, should be as high as possible in terms of the economic 

consideration.  

Additionally, the release pressure of the removed acid gas stream is also a 

matter of concern. It must be re-pressurised for CO2 sequestration [67], or food-

grade CO2 [68]. No matter which destination the CO2 rich stream ultimately heads 

to, it is advantageous for this stream to be released from the gas sweetening unit 

at as high a pressure as possible for energy savings in future compression.  

In summary, the evaluation criterion for a natural gas sweetening process can 

be summarised in a statement: on the premise of methane purity reaching the product 

specification, the recovery of methane should be as high as possible, and a higher 

pressure of the CO2 rich stream would be a bonus. Note that the process evaluation 

here is only at the level of direct process results which aims to estimate the 

performance of the adsorbents. Comprehensively evaluating a process from the 

economic and technical aspects would be an additional feature. 

Strictly speaking, in order to check one adsorbent’s performance in a process in 

the context of the aforementioned statement, a rigorous process simulation or an 
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experiment must be conducted. In such a case, any attempts to evaluate all 

potential materials for a given application would be a tedious and time-

consuming task. Therefore, instead of a countless number of process 

simulations or trial experiments, researchers turned to developing new 

adsorption performance indicators in a relatively simple and direct form to initially 

screen the adsorbents to confine the candidate pool of adsorbents or directly 

determine the best suitable adsorbent. 

2.3.2   Heavy component equilibrium loading 

The simplest adsorption performance indicator which was used initially is the 

equilibrium adsorption amount of the heavy component at the feed gas 

conditions [12]. The indicator might only work when the light component does 

not adsorb much, or the feed gas is concentrated with the heavy component so 

that the adsorption of the less adsorbed component is negligible. That is, the 

adsorbent was solely evaluated by its affinity to the most adsorbed component. 

Any process factors are not considered by this method. 

Today, this simple indicator still has its application in some special scenarios. 

When the capacity of the most adsorbed component on a novel adsorbent is 

much higher than that of other previously reported adsorbents, the heavy 

component equilibrium loading is then the simplest way to display their dominant 

advantage. For example, many MOF materials are reported as the potential CO2 

removal adsorbents because of their extraordinarily large CO2 capacity [69]. 

2.3.3   Selectivity 

Another early indicator, separation factor, was used when the adsorption 

isotherms were linear. It was defined as the ratio between the linear distribution 

coefficients of the strongly and weakly adsorbed components [70]. Knaebel 

presented an alternative expression of the same indicator, the ratio of Henry’s 

coefficients as in Equation 2.10 [71]. The Henry’s coefficient, 𝐻𝑖 , could be 

calculated as the slope of the isotherms at zero adsorption in Equation 2.11, 

where 𝑛𝑖 is the adsorption amount of one component, and 𝑃 is pressure. 
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𝛼𝐻 =
𝐻𝐵

𝐻𝐴
 Equation 2.10 

𝐻𝑖 = lim
𝑛𝑖→0

(
𝑑𝑛𝑖

𝑑𝑃
) Equation 2.11 

For simplicity, in this work we designate the strongly adsorbed component in a 

binary gas mixture as component ‘A’, while the weakly adsorbed component as 

component ‘B’ as in Equation 2.10.  

Theoretically, Henry’s coefficient represents the affinity of adsorbate molecules 

toward adsorbent at zero surface coverage. It is correlated with purely the 

interaction between adsorbate and the adsorbent surface, without the influence 

of adsorbate-adsorbate interaction and competitive adsorption. Thus, Henry’s 

Selectivity is only valid when the adsorption system is under a low-pressure 

condition and the adsorption isotherms are almost linear. Under such conditions, 

the ratio of the Henry coefficient is approximately equal to the ratio of adsorption 

amount under equimolar feeding condition.  

It was commonly used in the adsorption application when the operating pressure 

was relatively low and the fluid was in dilute concentration [72,73]. As the 

conditions of the adsorption process becomes more complicated and the 

adsorption isotherms are no longer close to linear, the Henry Selectivity is 

insufficient. 

In separation technology, relative volatility, 𝛼𝐴𝐵, is commonly used when a phase 

shift during the separation is involved. It is calculated as the composition ratio of 

two specified components in one phase over the other phase (Equation 2.12), 

where 𝑥𝑖 is the composition in the liquid phase and 𝑦𝑖 in the gas phase. Since 

the adsorption processes also include the phase shift from the fluid phase to the 

solid phase, the relative volatility is regarded as an important selectivity indicator 

[74]. 

𝛼𝐴𝐵 =
𝑥𝐵

𝑥𝐴
∙

𝑦𝐴

𝑦𝐵
 Equation 2.12 

Yang suggested an improved selectivity indicator which is analogous to the 

relative volatility but is more suitable in the scope of solid-based adsorption [12]. 
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Yang’s selectivity, 𝛼𝑌, is defined by Equation 2.13, where 𝑦𝑖 is the composition 

of one component at gas phase.  

𝛼𝑌 =
𝑛𝐵(𝑃, 𝑇, 𝑦𝐵)

𝑛𝐴(𝑃, 𝑇, 𝑦𝐴)
∙

𝑦𝐴

𝑦𝐵
 Equation 2.13 

In this indicator, the solid loading terms could be calculated as the single 

component adsorption amounts. But to approach the actual conditions, mixture 

adsorption amounts, which account for the competitive adsorption, are more 

commonly used. Yang’s ideal selectivity is probably one of the most employed 

metrics because of its concision and practicability, and nowadays it is frequently 

referred as the ideal selectivity. 

The primary drawback of the ideal selectivity is that it only considers one 

condition but neglects the cyclic operations which is the nature of the adsorption 

process. After one cycle of adsorption and regeneration, the loading on the 

adsorbent cannot be completely removed since the pressure inside the 

adsorption column can never drop to absolute zero. The same logic applies to 

the compounds remaining in the gas phase in the void space of the column. The 

factor of the residual loading after regeneration is equally as crucial as the 

loadings under the adsorption condition. It has a significant impact on the 

effective amount of gas that can be processed by a single unit of adsorption bed. 

It has been widely reported that an adsorbent’s performance has been severely 

impacted by insufficient regeneration at regular desorption conditions [51,75,76]. 

Therefore, the ideal selectivity which only focuses on the feed condition is not 

sufficient for screening adsorbents in a high-pressure cyclic adsorption process. 

Working selectivity has been used alternatively to consider the regeneration of 

the adsorbents. The working selectivity is calculated as the ratio between the 

working capacity of the heavy component and that of the light component 

(Equation 2.15), where the working capacity is defined as the difference in the 

equilibrium loading of one adsorbate between the adsorption condition and 

desorption condition (Equation 2.14). 

𝑊𝐶𝑖 = 𝑛𝑖(𝑃𝑎𝑑 , 𝑇𝑎𝑑 , 𝑦𝑖,𝑑𝑒) − 𝑛𝑖(𝑃𝑑𝑒 , 𝑇𝑑𝑒 , 𝑦𝑖,𝑑𝑒) Equation 2.14 
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𝛽 =
𝑊𝐶𝐵

𝑊𝐶𝐴
 Equation 2.15 

As its name indicates, the working selectivity is meant to display the adsorptive 

preference under the actual working conditions. However, unlike the adsorption 

condition, which is normally identical to the feed gas condition, the desorption 

condition is hard to define without simulations or experimental process running.  

At least three process factors are essential to determine the desorption condition: 

pressure, temperature, and the gas phase concentration. The desorption 

pressure is the easiest one, as it usually comes from the process specification.  

The temperature at the desorption step is difficult to estimate without 

experiments or simulations. Harlick et al. proposed an indicator named expected 

working capacity, which assumed isothermal operation, so that no temperature 

swing between the adsorption and desorption conditions occurs [77]. That is, the 

𝑇𝑎𝑑  and 𝑇𝑑𝑒  in Equation 2.14 were assumed to be identical. The isothermal 

assumption is reasonable when the pressure swing is small, or when the 

adsorption bed is on the lab scale such that the thermal conduction is large 

enough to dissipate the heat or cold wave from the inside of the column due to 

the adsorption/desorption energy. 

For an industrial PSA process, however, it is usually operated close to the 

adiabatic condition. Adiabatic working selectivity was firstly suggested by Ackley 

et al. [78], where the desorption temperature 𝑇𝑑𝑒  was not identical to the 

adsorption temperature 𝑇𝑎𝑑. Instead, 𝑇𝑑𝑒 needed to be determined by process 

experiments or simulations. Zhang and Webley found a simple method to 

calculate the desorption temperature, therefore, allowing them to screen a batch 

of adsorbents at different feed condition rapidly [79]. 

Note that none of the above researches calculated the gas composition at the 

desorption condition, 𝑦𝑖,𝑑𝑒 . They either used the predetermined product 

composition or sometimes the feed composition. 

2.3.4   Lumped parameters 

Instead of the basic indicators, some lumped parameters were suggested by 
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researchers aiming to cover all adsorptive features in a single parameter.  

Notaro et al. invented an ‘adsorption figure of merit’ (AFM) as shown in Equation 

2.16 including three factors that they believed to be strongly related to the 

process performance. The factors considered are the working capacity of the 

heavy component, the ideal selectivity at the adsorption conditions, and the ideal 

selectivity ratio between the adsorption and desorption conditions [80]. 

𝛾𝐴𝐹𝑀 = 𝑊𝐶𝐵 ∙ 𝛼𝑌,𝑎𝑑 ∙
𝛼𝑌,𝑎𝑑

𝛼𝑌,𝑑𝑒
 

Equation 2.16 

Another lumped indicator, the sorbent selection parameter, was proposed by 

Rege and Yang. It was defined as the product of the relative volatility and the 

working selectivity as shown in Equation 2.17 [81]. 

𝛾𝑅&𝑌 = 𝛽 ∙ 𝛼𝑌,𝑎𝑑 Equation 2.17 

Although the significant impacts from the temperature change were realized by 

the authors, the isothermal assumption was made for both the AFM and Rege 

and Yang’s separation factor. The composition of the bed at the desorption step 

was assumed as being the same as the heavy product. This approach could 

provide good direction in screening out a better adsorbent for a particular set of 

operating conditions. But it was likely to fail when estimating the performance of 

any adsorbents with large heats of adsorption.  

The latest lumped indicator, adsorbent performance indicator (API), was 

proposed by Wiersum et al. [82]. It was defined as Equation 2.18. The API 

introduced the heat of adsorption of the heavy component (Δ𝐻𝐵) into the indicator 

to include the thermal effect. Because a large thermal effect is adverse to the 

separation performance, the heat of adsorption term is placed in the denominator. 

In the meantime, the author highlighted an important feature of the API that 

different weights (the indexes 𝑎, 𝑏, and 𝑐 in Equation 2.18), not necessarily all 

identical as the other lumped indicators, could be applied to each term. Hence, 

the API could be adapted to different objectives by selecting proper indexes for 

any given processes. 
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𝛾𝐴𝑃𝐼 =
(𝛽 − 1)𝑎 ∙ 𝑊𝐶𝐵

𝑏

|Δ𝐻𝐵|𝑐
  Equation 2.18 

2.3.5   Validity of the indicators 

The applicability of all indicators was demonstrated by their reporters in certain 

adsorption applications, but the generality still needed to be examined. Recently, 

Rajagopalan et al. evaluated the capability of most of adsorbent metrics to 

screen four diverse adsorbents for post-combustion CO2 capture [83]. Their 

results showed that only a few metrics could provide the right ranking of 

performance, but the magnitudes difference of these metrics between different 

adsorbents did not agree with their actual process performances. Similar results 

could be expected in the application of CO2/CH4 separation. 

The limitations discussed above indicated that the existing adsorption metrics 

which only consider the adsorbent properties, i.e. equilibrium loadings, working 

capacities, and selectivity, are not capable of accurately predicting the adsorbent 

process performance. Those common compromises, such as isothermal 

assumption and the pre-set composition of the column at the desorption step, 

and other unknown factors need to be included for a more accurate screening 

metric. 
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NOVEL ADSORBENTS FOR CO2/CH4 SEPARATION 

3.1   Introduction 

The adsorbent is a key parameter in the adsorption process. In this chapter, we 

will characterize the adsorption properties of seven novel adsorbents. The 

adsorption properties measured in this chapter include the textural property of 

the internal structure, the intermediate pressure adsorption isotherms of both 

CO2 and CH4, the isosteric heat of adsorption at low coverage, the high-pressure 

adsorption isotherms and IAST selectivity calculated by the isotherm fitting 

parameter. Also, a process simulation is employed to evaluate the adsorbent 

performance to compare with the prediction of IAST selectivity.  

3.2   Materials and methods 

3.2.1   Adsorbents 

Commercial type Y zeolites of CBV-760, CBV-780 in powder form were obtained 

from Zeolyst International. Ultra-stable type Y zeolites of HSZ-320HOA, HSZ-

350HUA, HSZ-385HUA, and HSZ-390HUA in powder form were obtained from 

Tosoh Co. (Japan). Protons are the predominant cations, with a minor amount 

of sodium cations, in the zeolitic framework of all selected zeolites. These 

zeolites are strong adsorbents of CO2 but not as strong as NaX zeolite – as a 

result, they are potentially better candidates for PSA application (as opposed to 

VSA application which requires sub-atmospheric pressure operation). 

Silica-gel, Sorbead® WS, was obtained from BASF catalysts. It is in a form of 

light-yellow, hard, spherical beads with a uniform diameter of an average of 2 

mm. All materials were used as received without further purification for high-

pressure gas adsorption measurements. 

3.2.2   Materials characterization 

For the purposes of confirming the crystallinity of the sample, lab powder X-ray 

diffraction (PXRD) measurements were carried out on a Philips Analytical 

PW1140/90 X-ray diffractometer (Philips Analytical, Netherlands) with Cu Kα 

radiation. The step size for the measurement is 0.02 ° with a scanning rate of 

1 °/min.  
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Surface areas, pore size distributions and porous volumes of the adsorbents 

were characterized via volumetric adsorption methods carried out on a 3Flex 

instrument (Micromeritics Instrument Corporation, USA). N2 adsorption 

measurements of all selected zeolites at 77.3 K were conducted with a liquid 

nitrogen bath. The equilibrium at each pressure point was checked by the pre-

set equilibrium criterion and the interval time. After a period of 10 intervals, the 

pressure change in the measurement chamber is calculated and compared with 

the average pressure during the period. When the rate of change is less than 

0.01%, the adsorption amount is recorded as the equilibrium amount at the 

corresponding pressure. The “interval time” in this work was set to be 10 seconds.  

Before the adsorption measurements, samples were degassed under a vacuum 

level below 1.33 × 10−2 Pa at 373.15 K for 2 hours followed by another heating 

period to 623.15 K for a minimum of 12 hours at the same vacuum level. The 

temperature is ramped to rise incrementally (10 K per minute) to the objective 

degassing temperature, to prevent the zeolitic framework collapsing from the 

rapid vaporization of the adsorbed water in the porous structures. 

Ultra-high purity helium (>99.995%, BOC Australia) was used to determine the 

adsorbent volume in the measurement cell, and ultra-high pure N2 (>99.999%, 

BOC Australia) was used to characterize these zeolites. 

3.2.3   Adsorption isotherm measurements 

3.2.3.1  Volumetric isotherm measurement at intermediate pressure ranges 

Adsorption isotherms of both CO2 and CH4 up to a pressure of 10 bar on selected 

adsorbents were carried out on an ASAP 2050 gas adsorption 

instrument(Micromeritics Instrument Corporation, USA). Isotherms at three 

temperatures, 303 K, 313 K, and 333 K, were measured. The measurement 

temperatures were maintained by a thermostatic bath (Julabo GmbH, Germany). 

The equilibrium interval, of the same function as described in the structure 

characterization section, was set to be 10 seconds. Sample activation and re-

degassing between isotherms measurements at different temperatures followed 

a similar procedure.  

Ultra-high purity CH4 (>99.995 %vol) was provided by BOC Limited Australia. 
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Ultra-high purity CO2 (>99.995 %vol) were obtained from Coregas Pty. Ltd., 

Australia.  

3.2.3.2  Gravimetric isotherm measurement at high-pressure ranges 

Adsorption isotherms up to 50 bar for CO2 and 100 bar for CH4 of all studied 

adsorbents were measured on a magnetic suspension balance (MSB) system 

(Rubotherm GmbH, Germany). Isotherms were measured at three temperatures, 

303 K, 313 K and 333 K. The temperature of the sample chamber and the 

balance components were maintained by a thermostatic bath (Julabo GmbH, 

Germany) with polydimethylsiloxane (PDMS) as the heat transfer fluid. The 

precision of the temperature control is within ±0.02 K. 

All solid samples were directly taken out from their commercial packing and 

loaded into the sample container in the MSB system. A general degassing 

procedure was used to remove impurities from these materials before isotherm 

measurements: the sample was heated in situ under vacuum firstly to 393.15 K 

for 2 hours, followed by 453.15 K for 1.5 hours and eventually 623.15 K for 8 

hours. The vacuum in the sample chamber could reach to a level below 1 kPa. 

The vacuum reading here is limited by the resolution of the pressure transmitter 

installed in the system. Between each adsorption measurement at a temperature, 

the adsorbent was also regenerated following the degassing procedure. 

After degassing and activating the adsorbent, the adsorption isotherm 

measurements were carried out by gradually introducing adsorbates into the 

measurement chamber in a series of increasing pressure points. At each pre-set 

pressure level, the adsorption equilibrium was considered to have been reached 

when the pressure inside the measuring chamber remained unchanged for at 

least 30 minutes. Then, those balance readings at the end of the equilibration 

period were used to calculate one isotherm data point.       

The resolution of the MSB is 0.00001 g, with an accuracy over the weighing 

range of ±0.02 mg. The temperature of the sample cell was measured by a Pt100 

3L thermocouple probe K (Jumo GmbH & Co. KG, Germany) with an accuracy 

of ±0.015 K within the operating temperatures. The pressure within the 

measurement chamber is monitored by two different Druck pressure transmitters 

(GE Measurement and Control Solutions, Germany). One’s measurement range 
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is from 0 to 40 bar with a resolution of 0.01 bar for intermediate-pressure 

measurement, and the other is from 0 to 500 bar with a resolution of 0.1 bar for 

high-pressure measurements, respectively. The data log software as well as the 

instrumentations of the apparatus will automatically shift to the other pressure 

transmitters at the crossover pressure, 36 bar.  

As indicated above, the high-pressure adsorption isotherms are measured by a 

gravimetric method. The excess adsorbed amount at a certain pressure can be 

directly read from the balance reading. But to obtain the absolute adsorbed 

amount, the volume of the solid sample and the density of the gas must be 

determined at the same time.  

The solid volume, which is the skeleton volume of the solid bearing the buoyancy 

force from the surrounding gas, was determined by helium measurements at 313 

K. This temperature value was considered as the average temperature of the 

isotherm measurement. Therefore, a helium experiment was conducted at only 

one temperature. Helium was injected into the measurement cell to a series of 

pre-set pressure values up to 50 bar by the automatic gas dosing system. At 

each pressure, 10 minutes were allowed for the sample to achieve the thermal 

and motion equilibrium in the measurement cell. The balance readings, as well 

as the temperature and pressure inside the measurement cell, were recorded 

every 2 minutes. At the end of equilibrium for one pressure point, an extra data 

logging was conducted. By completing the helium experiment, the buoyancy 

volume and the accurate mass of the sample under vacuum can be obtained by 

linear fitting of the measured helium density and the apparent mass from the 

balance readings. The determination method will be described in the next section. 

3.2.4   PSA process simulation 

To evaluate the process performance of selected adsorbents for the CH4/CO2 

separation, we employed a nine-step PSA cycle with the help of the commercial 

simulation toolkit, Aspen Adsorption V10 (AspenTech, USA). 

The one-bed approach was applied in the simulation, which means that only one 

adsorption bed was simulated rigorously. The other interactive beds shown in 

Figure 3.1 were treated as stack information storages (First-In-First-Out). They 

can store the mass, temperature and pressure stream information coming from 



 

 

35 

the simulated bed temporarily. When the main bed is supposed to receive the 

material stream, the interactive bed can return the information to complete the 

adsorption cycle. 

 

Figure 3.1. An illustration of the one-bed approach in Aspen Adsorption. 

One great advantage of the one-bed approach is that it saves a great amount of 

CPU time. In our case, it is a good short-cut to estimate the performance of the 

adsorbent using only around 1/6 of the computation time without causing 

significant errors. In addition, another benefit of the one-bed approach is that the 

consideration of inter-bed step synchronization is not needed in this stage. To 

enable continuous operating and a programmable control cycle, the step switch 

time of one bed is under the constraints from other beds in a real PSA cycle 

configuration. To achieve synchronisation for all steps in the shortest time, one 

adsorption bed, for instance, has to be set as idle (doing nothing) to wait for the 

other bed to finish its current step before they can interact with each other [84]. 

This cycle organization requires extra efforts but contributes little when the 

simulation is only for adsorbent evaluation. In the one-bed approach, real bed 

interactions are not included, so that the step times can be adjusted to any 

numbers. It provides an ideal environment to assess the performance of an 

adsorbent within any possible cycles. 
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Figure 3.2. Cyclic configuration of one adsorption bed. F&AD – Feed and adsorption, PE 

– Pressure equalization, BD – Blowdown, RP – Re-pressurization. The arrow direction 
refers to the gas stream flowing direction.  

The adsorption cycle used to evaluate the adsorbents in this work is a 6-bed 9-

step cycle. The cycle consists of feed & adsorption step, three pressure 

equalization steps, desorption (blowdown) step, and top product re-

pressurization step. A detailed outline of the cycle is shown in Figure 3.2. The 

effect of the numbers of pressure equalization steps was studied by Yavary et al 

recently [85]. Increasing the pressure equalization steps will improve the 

recovery of the light product while worsening the purity. Since in the application 

of CO2 removal from natural gas, the recovery of the methane is of more 

economic significance than the purity, we chose three pressure equalization 

steps in the cycle. More pressure equalization steps could further improve the 

recovery of CH4, but the beneficial effect due to extra increments would be 

reduced while the associated cost, such as higher capital investment and lower 

throughput per adsorption column, becomes dominant. 

Table 3.1. Bed characteristics and operating conditions used in the Aspen Adsorption 

Simulations 

Parameters Value 

Packing length (𝒎𝒎) 600 

F&
AD

PE1 PE2 PE3 PE3 PE2 PE1 RP

PE1 PE2 PE2 PE1 RPBDF&AD PE3 PE3

BD

Time
Feed

Top Product

Bottom Product

Product
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Internal bed diameter (𝒎𝒎) 80 

Feed pressure (𝒃𝒂𝒓) 50 

Feed temperature (𝑲) 313 

Feed composition 70% CH4 / 30% CO2 

Desorption pressure (𝒃𝒂𝒓) 1 

Methane product purity 
specification 

95% CH4 

Adsorbents Zeolites  Sorbead® WS 

Packing bulk density (𝒌𝒈/𝒎𝟑) 750 800 

Particle size (𝒎𝒎) 2 

Inter-particle voidage 0.37 

Intra-particle voidage  0.54 

 

The adsorption bed parameters as well as the process specifications are listed 

in Table 3.1. The dimensional size of the adsorption bed is not arbitrary and 

corresponds to the actual size of the adsorption bed we used in a CO2/CH4 

adsorptive separation demonstration rig [86]. It should be noted that the primary 

objective of the simulation model is to evaluate the relative merits of the multiple 

adsorbents, hence, the geometric property of the adsorption bed is not a 

determining factor. 

The pressure, temperature and composition of the feed gas mixture are also the 

average value of the practical conditions in the demonstration plant, which we 

will discuss in a later chapter. This ensures that we can make a meaningful 

comparison between the demonstration plant and the simulation under the same 

operating conditions. The feed composition (30%/70%) chosen here for the 

simulations and the demonstration plant is aimed at the separation scenario of 

bulk CO2 removing from the natural gas.  

The CH4 product purity is not specified to the strictest condition, 98 mol%, but to 

a slightly lower value, 95 mol%, to expand the range of application of the 

simulation. The packing density as well as the inter and intra-particle voidage of 

selected zeolites is retrieved from the earlier work of our research lab [51]. 
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In this work, the Linear driving force (LDF) model was assumed for the kinetic 

model. The LDF mass transfer coefficient for both CH4 and CO2 used in the 

simulation are set to be a “large number”, because we assumed the diffusion of 

gases through adsorbents was sufficiently fast, so that the adsorption separation 

process is purely equilibrium governed separation. This does not mean that, in 

reality, the mass transfer rates are very high, but rather that we wanted to focus 

attention on the equilibrium isotherm properties of the adsorbents, not their mass 

transfer properties. It should be noted that all of the zeolites are large pore 

zeolites with negligible molecular sieving restrictions.  

The pressure drop and superficial velocity of the gas phase through the bed is 

estimated by the Ergun equation (Equation 3.1), where 𝜇 is the viscosity of the 

bulk phase, 𝑑𝑝  is the characteristic dimension of the adsorbents, 𝜀𝑏  is the 

voidage of the bed, 𝜌𝑏  is the bulk density in 𝑘𝑔/𝑚3  and 𝜐0  is the bulk gas 

superficial velocity in 𝑚/𝑠 . At the flow rates used in these simulations, the 

pressure drop in the bed is a negligible fraction of the total pressure. 

𝜕𝑃

𝜕𝑧
= −

150𝜇(1 − 𝜀𝑏)2

𝜀𝑏
3𝑑𝑃

2 𝜐0 −
1.75(1 − 𝜀𝑏)𝜌𝑏

𝜀𝑏
3𝑑𝑃

𝜐0
2 Equation 3.1 

For the energy balance, the adsorption columns were considered to be at non-

isothermal conditions. The wall of the adsorption column was assumed to be a 

thin wall such that there would be energy exchange between the adsorption 

column and the environment, where the environment temperature was set to be 

313 K. This is to approach the real condition of an adsorption demonstration plant 

which we will discuss in a later section, whose adsorption column was covered 

by a heating jacket. The heat transfer coefficient between the gas phase and the 

column wall was set to be 50 W/(m2K), which is the value of the heat transfer 

coefficient between the air and the stainless-steel plate.   

 

3.3   Theoretical calculation 

The gravimetric apparatus used for the high-pressure isotherm data collection 

and data treatment in this work requires greater user intervention than 

commercial volumetric adsorption apparatuses which are largely automated 
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within the software provided. In this section, we will, therefore, explain how we 

acquired the necessary information from the gravimetric adsorption isotherm 

measurement apparatus, and treated the data to obtain the excess and absolute 

adsorption isotherms of adsorbents at high pressure, as these are the key 

parameters for adsorption separation applications. 

3.3.1   In situ gas density determination  

The gravimetric adsorption isotherm measurement apparatus employed in this 

work has three positions which are illustrated in the schematic diagram in Figure 

3.3.  

In the first position (zero point, 𝑍𝑃), both the sinker and the sample container are 

settled and decoupled from the suspension balance. Only the permanent magnet 

and the coupling rod is lifted. When equilibrium is achieved with given pressure 

of fluid in the measurement cell, the reading from the balance is reset to zero for 

taring before each isotherm experiment.  

In the second position (measuring position 1, 𝑀𝑃1), the suspension magnet is 

lifted to a position in which the sample container is coupled. The equilibrium 

balance reading includes the mass of the sample container, sample, adsorbed 

molecules, as well as the buoyancy effects on them. 

In the third position (measuring position 2, 𝑀𝑃2), the suspension magnet rises 

to a higher position. In addition to the sample container, an alloy sinker with 

calibrated volume (𝑉𝑠𝑖𝑛𝑘𝑒𝑟 = 4.2199 𝑐𝑚3 ) and mass (𝑚𝑠𝑖𝑛𝑘𝑒𝑟 = 19.02594 g) is 

lifted and the weight recorded. 
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Figure 3.3. Schematic diagram showing the working mechanism of the three-position 

magnetic suspension balance.  

The difference between the equilibrium reading at 𝑀𝑃2  and 𝑀𝑃1  gives the 

apparent mass reading of the alloy sinker under the measuring fluid atmosphere. 

Then with the calibrated mass and volume of the alloy sinker and the apparent 

mass, the density of the fluid (𝜌𝑔) inside the measuring cell can be provided by 

Equation 2.1, which is required for the buoyancy correction of the measured 

sorption values. The density obtained by Aspen Properties (AspenTech, USA) 

using the fluid package GERG-2008 [87] for both CH4 and CO2 is illustrated in 

Figure 3.4 which demonstrates that the directly measured gas density matches 

well with that estimated by this equation of state. 

𝜌𝑔 =
𝑚𝑠𝑖𝑛𝑘𝑒𝑟 − (𝑀𝑃2 − 𝑀𝑃1)

𝑉𝑠𝑖𝑛𝑘𝑒𝑟
 Equation 3.2 
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Figure 3.4. Comparison of gas densities at 303 K obtained by the fluid package and 

direct measurement using the three-positions magnetic suspension balance. (■), 
measurement density of CH4; (●), measurement density of CO2; solid line (‒), gas density 
calculated by the GREG-2008 fluid package.   

The direct measurement of the gas density can enhance the reliability of the 

sorption results. The earlier iterations of the gravimetric method employed 

equations of state (EoS) to define the density of the adsorptive fluid. It required 

precise temperature and pressure control, as well as an accurate EoS model. 

Any errors from either factor would induce significant deviations for the density 

and volume determination. When applying the three-position method to 

determine in-situ the fluid density, only the uncertainties of the balance are 

introduced. It is more important that the adsorption amount and the gas density 

measurement are in the same environment and determined with the same 

balance. Thus, the error can be reduced to a considerably lower level. 

3.3.2   Adsorbent’s buoyancy volume determination  

The mechanism of the general gravimetric method involves measuring the mass 

uptake of the adsorbate on the adsorbent directly. However, as the adsorbent 

sample is always surrounded by the measuring fluid, the balance can only 

measure the difference between the weight and buoyancy force of the sample. 

Therefore, the volume of the sample is required to calculate the buoyancy effect. 

It needs to be determined before the adsorption measurement.  
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With a common assumption that helium does not adsorb on our materials, the 

volume required for buoyancy correction can be determined by introducing pure 

helium into the sample cell. As the pressure of the helium rises, the balance 

reading at 𝑀𝑃2 provides the helium gas density (𝜌𝐻𝑒 ) profile versus the gas 

pressure according to the aforementioned procedure (Equation 2.1). Meanwhile, 

the balance reading at  𝑀𝑃1  provides the measured mass, namely apparent 

mass, of the adsorbent and the sample container under each pressure. Then, 

when fitting a linear regression to the apparent mass (𝑀𝑃1) as a function of 

helium density (𝜌𝐻𝑒) according to Equation 3.3, the gradient of the resulting curve 

is the buoyancy volume (𝑉𝑏𝑢𝑜) of the adsorbent and its container. The intercept 

is then the summed mass of the adsorbent and the container weighed under 

vacuum (real mass).  

𝑀𝑃1 = (𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 + 𝑚𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟) − 𝜌𝐻𝑒𝑉𝑏𝑢𝑜 Equation 3.3 

Note that the real mass of the container (𝑚𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟) can be measured individually 

in advance, so the real mass of the adsorbent (𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡) is accessible. It will 

be used as the mass basis to calculate the specific gas uptake with the unit of 

[mmol/g] in further adsorption measurements. 

The adsorbent’s buoyancy volume obtained from Equation 3.3 is an overall 

volume of both the adsorbent skeleton and the sample container which is non-

accessible for the measuring fluid. It is a function of the pressure of the 

surrounding fluid. The volume term would be used in the buoyancy correction for 

each data point at different pressures. Implicit in this is the assumption that the 

non-accessible volume would not alter due to thermal or pressure expansion. 

Also, the individual volume of either the adsorbent or the container is not required, 

because the buoyancy correction is always carried out in their entirety. 

3.3.3   Excess and absolute adsorption equilibria  

Upon the determination of the buoyancy volume and the real mass of the 

adsorbent using helium, the adsorption equilibrium isotherms of CH4 and CO2 

were assessed by introducing the measuring fluid gradually to the sample cell. 

The balance readings were recorded at all three measuring positions following 

the procedure similar to the helium measurement. The adsorbed excess 
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amounts (𝑛𝑒𝑥𝑐) can be then calculated from the raw measurements following 

Equation 3.4. 𝑀𝑊𝑔 is the average molecular weight of the gas molecules. The 

adsorbed amount here is known as the Gibbs’ excess adsorbed amount, or 

surface excess adsorbed amount as the volume of the adsorbed phase was not 

considered in the calculation.  

𝑛𝑒𝑥𝑐 =
𝑀𝑃1 − (𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 + 𝑚𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟) + 𝜌𝑔𝑉𝑏𝑢𝑜

𝑀𝑊𝑔 ∙ 𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
 Equation 3.4 

For most low pressure (≤10 bar) or high-temperature measurements, the volume 

of the adsorbed phase is negligible. The results calculated by Equation 3.4 could 

be directly presented as the absolute adsorbed amount. However, in a high-

pressure adsorption experiment, when the volume of the adsorbed phase and 

the density of the measuring fluid become more important, the effect of the 

adsorbed phase is no longer insignificant. It contributes to a great extent in the 

buoyancy correction as the adsorbed phase volume acts as an increase to the 

buoyancy volume. More details regarding the excess and absoluted adsorbed 

amount in a high-pressure adsorption experiment can be referred to as the study 

of Myers et al. [88] 

When taking the adsorbed phase volume ( 𝑉𝑎𝑑𝑠 ) into account, the absolute 

adsorbed amount (𝑛𝑎𝑏𝑠) can be calculated by Equation 3.5. 

𝑛𝑎𝑏𝑠 = 𝑛𝑒𝑥𝑐 +
𝜌𝑔𝑉𝑎𝑑𝑠

𝑀𝑊𝑔 ∙ 𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡
 Equation 3.5 

All variables in Equation 3.5, except the volume of the absorbed phase, are 

known or determined by the aforementioned procedure. The volume of the 

adsorbed phase cannot be measured directly. 

Currently, the selection of methods for the conversion from excess adsorption to 

absolute adsorption is still controversial. Many approximation methods to 

calculate either the volume or the density of the adsorbed phase have been 

reported. Thus, the published absolute results in one study may not be 

comparable with other literature. In this work, we assume the density of the 

adsorbed CO2 to be equal to 0.773 g/cm3, the liquid density of CO2 at 293.15 K 

following the latest study from the National Institute of Standards and Technology 



 

 

44 

(NIST) [89]. The density of adsorbed CH4 is assumed to be equal to 0.424 g/cm3, 

the liquid density at the boiling point at ambient pressure [90]. Then, the volume 

of the adsorbed phase (𝑉𝑎𝑑𝑠) is approximated by the apparent adsorbed mass 

and the assumed density as shown in Equation 3.6. Substituting Equation 3.6 

into Equation 3.5, we can calculate the absolute adsorbed amount.  

𝑉𝑎𝑑𝑠 =
𝑀𝑃1 − (𝑚𝑎𝑑𝑠𝑜𝑟𝑏𝑒𝑛𝑡 + 𝑚𝑐𝑜𝑛𝑡𝑎𝑖𝑛𝑒𝑟) + 𝜌𝑔𝑉𝑏𝑢𝑜

𝜌𝑎𝑑𝑠 − 𝜌𝑔
 Equation 3.6 

3.4   Results and discussion 

3.4.1   Material characterization 

The six studied zeolites are typical crystalline Faujasite zeolites. To check their 

crystallinity, the diffraction patterns of one of the zeolites, CBV-780, were 

characterized and shown in Figure 3.5. There is good agreement between the 

simulated pattern of zeolite Y and experimentally measured patterns, as well as 

shows perfect matching with the CBV-780’s XRD pattern measured in the 

literature[91]. The XRD pattern of the silica gel, Sorbead® WS, is also displayed 

in Figure 3.5. The one broad peak indicates its amorphous structure. 

 

Figure 3.5. XRD pattern of CBV-780 (black), Sorbead® WS (blue), and simulated XRD 

pattern of Zeolite Y (red)  
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The nitrogen physisorption isotherm at 77.3 K of six selected zeolites are 

presented in Figure 3.6. According to the latest IUPAC adsorption isotherm 

classifications in 2015 [17], the observed isotherms are a composite of type I(a) 

isotherms at low coverage range and type IV isotherms with H4 type hysteresis 

loops at high coverage, although the hysteresis loops in the isotherms of HSZ-

320HOA and HSZ-350HUA are hardly visible. 

The pronounced uptake at low P/Po
 is associated with the microporous structure 

originated from the framework of zeolite. Their micropore sizes calculated by the 

Horvath-Kawazoe (H-K) method were in the range of 6 to 10 Å. The volume of 

micropores in the material with a pore size width from 3 to 17 Å are shown in 

Table 3.2, computed by the H-K method as well.  

The hysteresis loop in N2 isotherms at P/Po greater than 0.4 indicates the 

presence of mesoporous structures which could be formed during the 

dealumination process. The Na2O weight percent and SiO2/Al2O3 ratio in Table 

3.2 were provided by the manufacturers. Both are indicators of the level of the 

dealumination process. As the level of dealumination increases, the sodium 

cations in the zeolite framework will be extracted simultaneously with the 

aluminium species. In the meantime, the recrystallization of the zeolite occurs 

concurrently with dealumination to “heal” the aluminium vacancies creating new 

pores within the crystals, which are mostly mesopores [92,93]. Moreover, the fact 

that the adsorption isotherms do not reveal a truly “horizontal” plateau at relative 

pressures higher than 0.1 also gives a clue to the existence of mesoporosity. 

The observed slope in the region from 0.4 to 0.9 is associated with the filling of 

mesopores. The mesoporous volumes in Table 3.2 were obtained from the 

Barrett–Joyner–Halenda (BJH) theory at a pore width from 17 to 2,000 Å.  
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Figure 3.6. Nitrogen isotherms at 77.3 K on six selected zeolites. (‒■‒), adsorption 

curves; (‒□‒), desorption curves. 

The Brunauer-Emmett-Teller (B.E.T.) surface areas in Table 3.2 were obtained 

from the linear zone of the B.E.T. plot. However, the B.E.T. theory is in a strict 

sense not applicable to microporous materials such as Faujasite zeolites, 

because the several assumptions for B.E.T. theory are not applicable for 

microporous materials: adsorption taking place in the microporous materials is 

basically via filling the pores and not necessary on the potential adsorption sites; 

in addition, the thickness of the adsorption layer is strictly sterically limited by the 

pore size. Therefore, although there are mesopores in the material, the B.E.T. 

surface area results reported here still only lead to an apparent surface area but 

not the actual probe accessible surface area. 

The textural properties of all adsorbents are in good agreement with the data 

provided by the manufactures. However, the B.E.T. surface area and the total 

pore volume for zeolite, HSZ-390HUA, in this work are about 15% lower 

compared to the reported values [94]. 



 

 

47 

Table 3.2. Textural properties of selected zeolites calculated by nitrogen adsorption 

isotherms at 77.3 K 

 
Na2O 
(wt%) 

SiO2/Al2O3 
ratio 

Microporous 
volume (cm3/g) 

Mesoporous 
volume (cm3/g) 

B.E.T. surface 
area (m2/g) 

HSZ-320HOA 4 5.5 0.268 0.109 540 

HSZ-350HUA 0.1 10 0.332 0.123 673 

HSZ-385HUA 0.1 100 0.264 0.246 616 

HSZ-390HUA 0.05 500 0.268 0.205 630 

CBV-760 0.03 60 0.322 0.231 676 

CBV-780 0.03 80 0.311 0.253 637 

 

The textural properties of Sorbead® WS is provided by the vendor, which is listed 

in Table 3.3. 

Table 3.3. Textural properties of Sorbead® WS 

Properties Value 

Chemical composition SiO2 

Al2O3 

97 wt.% 

3 wt.% 

B.E.T. surface area (m2/g) 650 

Pore volume (cm3/g) 0.45 

  

3.4.2   Intermediate-pressure CH4 and CO2 adsorption isotherms 

Intermediate-pressure adsorption isotherms from 0 to 10 bar for CH4 and CO2 

on all studied adsorbents were measured at 303 K, 313 K and 333 K. The results 

are shown in Figure 3.7 to Figure 3.13. 
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Figure 3.7. Intermediate pressure adsorption isotherms for CH4 and CO2 on HSZ-320HOA. 

 

 

Figure 3.8. Intermediate pressure adsorption isotherms for CH4 and CO2 on HSZ-350HUA. 
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Figure 3.9. Intermediate pressure adsorption isotherms for CH4 and CO2 on HSZ-385HUA. 

 

 

Figure 3.10. Intermediate pressure adsorption isotherms for CH4 and CO2 on HSZ-

390HUA. 
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Figure 3.11. Intermediate pressure adsorption isotherms for CH4 and CO2 on CBV-760. 

 

 

Figure 3.12. Intermediate pressure adsorption isotherms for CH4 and CO2 on CBV-780. 
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Figure 3.13. Intermediate pressure adsorption isotherms for CH4 and CO2 on Sorbead® 

WS. 

As can be seen in the graphs, the adsorption isotherms for CH4 on all studied 

adsorbents are approximately linear, while the linearity of the CO2 adsorption 

isotherms decreases as the Si/Al ratio increases. This reflects the difference of 

the affinity between CH4-solid and CO2-solid. CO2 molecules have a large 

quadrupole moment (−13.71 × 10−40 𝑐𝑚2)  relative to CH4 molecule (0  𝑐𝑚2 ) 

which can interact with the charged solid surface. The interaction becomes 

stronger when the solid surface is charged, like at the place in zeolites where the 

[AlO4]- tetrahedra is negatively charged and balanced by a cation. Zeolites with 

low Si/Al ratio means more [AlO4]- tetrahedra units present in the zeolitic 

framework, which can enhance the interaction between CO2 and the solid 

surface, especially at low coverage. As the Si/Al ratio increases, this 

enhancement effect is reduced due to the decreasing presence of [AlO4]- sites, 

and the adsorption isotherms of CO2 become more linear. The CH4 molecule is 

perfectly spatially symmetric and has no dipole nor quadrupole moment. The 

interaction between CH4 and the solid surface is mainly attributed to the van der 

Waals force, which is proportional to the exposure rate of the adsorptive sites to 

the CH4 molecules, namely the partial pressure of CH4. Thus, the adsorption 

isotherms of CH4 is almost linear in all studied zeolites.  

The adsorption amounts of both CO2 and CH4 on Sorbead® WS in Figure 3.13 

are lower than those on studied zeolites. In addition, the isotherms are more 

linear than zeolites, which indicates weaker interactions between the gas 
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molecules and the solid surface. 

3.4.3   Isosteric heat of adsorption 

Using the low and intermediate pressure adsorption isotherms, the isosteric 

heats of adsorption were calculated. They were determined based on the 

Clausius-Clapeyron equation (Equation 3.7, [95]). The isotherm data of one 

adsorbent were firstly interpolated to create a van’t Hoff plot as 𝑙𝑛(𝑃) vs 1/𝑇 for 

any given equilibrium loading, namely generating an isostere. The isostere data 

were then loaded into MATLAB and linear fitted to obtain the slope, the intercept, 

and the corresponding fitting errors by a MATLAB function “polyfit”. The obtained 

slope at each equilibrium loading was then the isosteric heat of adsorption for 

the certain loading.    

Δ𝐻𝑠𝑡 = 𝑅 [
𝜕(𝑙𝑛𝑃)

𝜕 (
1
𝑇)

]

𝑛

 
Equation 3.7 

The results, isosteric heat of adsorption of CH4 and CO2 on all studied 

adsorbents are shown in Figure 3.14. The error bars represent the 95 % 

confidence interval of the result based on their linear regressions. The margin of 

error is calculated using Equation 3.8, where 𝑆𝐸 is the standard error determined 

directly by the MATLAB function “polyfit”, 𝑡𝐷𝐹,𝐶𝐿=95% is the value from the t 

distribution for 95% confidence for the specified number of degree of freedom 

(DF) for the fitting, and the degree of the freedom is the number of data points 

minus the number of parameters fit by the linear regression. Figure 3.14 

demonstrates that for the calculation of isosteric heat of adsorption, HSZ-

320HOA has relatively small errors while CBV-780 has large errors. 

𝑀𝑜𝐸 = 𝑆𝐸 × 𝑡𝐷𝐹,𝐶𝐿=95% Equation 3.8 
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Figure 3.14. Isosteric heat of adsorption for CH4 and CO2 on studied adsorbents.  

Here the graphs show the isosteric heat of adsorption for CH4 at a loading 

between 0.1 to 0.6 mmol/g, and for CO2 at a loading between 0.1 to 1.0 mmol/g. 

Regardless of the errors, the heat of adsorption for CH4 is in a range between 16 



 

 

54 

kJ/mol to 23 kJ/mol, obviously lower than that for CO2 which are in a range 

between 22 kJ/mol to 31 kJ/mol. This phenomenon again suggests that the CO2-

solid interaction is stronger than the CH4-solid interaction at low coverage, as 

expected. 

3.4.4   High-pressure CH4 and CO2 adsorption equilibria  

High-pressure adsorption isotherms are more important and relevant to the 

purpose of this study. As explained in the previous section, the high-pressure 

adsorption isotherms directly measured by the gravimetric method is the excess 

adsorption isotherms, while the actual adsorption amounts are the absolute 

adsorption isotherms. The absolute one can only be obtained under certain 

assumptions and calculated according to the excess adsorption isotherms, as 

shown previously. The difference between the absolute and the excess 

adsorption isotherms are illustrated in Figure 3.15. 

 

Figure 3.15. A demonstration of the difference between absolute amount adsorbed and 

excess amount adsorbed on the adsorbents. The graph is plotted using adsorption 
isotherm data at 313 K on HSZ-320HOA.   

The absolute adsorption isotherms of CH4 and CO2 on each of the studied 

materials at three different temperatures are shown in Figure 3.16 to Figure 3.22. 

The absolute adsorbed isotherms were fitted to both the Toth model (Equation 
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2.6) and Langmuir model (Equation 2.3) by MATLAB 2019a (The Mathworks, 

Inc). The residual sum of squares (RSS) was used to show the fitting error 

following Equation 3.9. 

RSS = ∑ ∑(𝑛𝑓𝑖𝑡𝑡𝑖𝑛𝑔 − 𝑛exp 𝑑𝑎𝑡𝑎)
2

𝑃𝑇

 Equation 3.9 

The solid circles in different colours represent the experimental data points. To 

demonstrate the consistency between intermediate-pressure adsorption 

isotherms and high-pressure adsorption isotherms, isotherms data of CO2 and 

CH4 on HSZ-320HOA measured by the ASAP 2050 were also shown in Figure 

3.16 as symbols of open triangles. As can be seen, CO2 adsorption isotherms at 

the low-pressure regime obtained by two different measurement methods are 

matching better than those of CH4 adsorption isotherms. One possible reason 

for this is because the amount of CO2 adsorbed on the solid is always more than 

that of CH4. If the absolute deviation of the amount adsorbed between these two 

methods is similar, the relative difference between two measurement methods 

of the strongly adsorbed component, namely CO2, is then smaller. 

The solid lines in the figures are the fits using the Toth model, while the dash 

lines are the fits by the Langmuir model. All the isotherms were completely 

reversible. Throughout the range of examined pressures and temperatures, CO2 

adsorbed more strongly than CH4.  

It is seen that the Toth model fits the CH4 and CO2 absolute adsorption isotherms 

better than those fitted by the Langmuir model. However, the fitted lines deviate 

slightly in the high-pressure regimes. Considering the deviations become 

significant at high pressure, they could be attributed to the assumption used for 

the calculation of the absolute amount adsorbed, where we assumed a fixed 

adsorbed phase density.  

For each material, a table is provided (Table 3.4 to Table 3.10) to summarize the 

fitting parameters of both the Toth model and Langmuir model, along with the 

standard errors for each parameter of the fitting. Although the Toth model 

includes an empirical parameter, the heterogeneity number 𝑡, it has very good 

flexibility to fit the experimental data. The goodness of fitting is displayed in terms 
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of the residues sum of squares (RSS). The trend of RSS again indicates better 

fittings of the Toth model than that of the Langmuir model. 

The shapes of isotherms for CO2 and CH4 of these high silica zeolites are 

relatively similar, however, their adsorption capacities are different. The 

adsorption capacity of CO2 is more than twice that of CH4, and therefore these 

adsorbents can be exploited for the separation of CO2 from CO2/CH4 gas mixture. 

Sorbead® WS, unlike the zeolitic counterparts, has very linear adsorption 

isotherms for both CO2 and CH4. Linear CO2 isotherms were the undesired type 

of isotherms in low-pressure adsorption applications because they normally 

imply low CO2 adsorption amounts, and subsequently low selectivity. In high-

pressure applications, however, the issue of low adsorption amount for linear 

isotherms can be compensated by the high pressure since CO2 adsorption 

amount rises linearly with the pressure. On the contrary, the adsorption amounts 

of CO2 in non-linear isotherms are limited by the saturated capacity achieved at 

a lower pressure due to a much stronger interaction. This means that the 

adsorbents with linear isotherms could outperform the adsorbent with non-linear 

isotherms at certain high pressures when they have similar CH4 isotherms.  
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Figure 3.16. High pressure absolute adsorption isotherms of CH4 and CO2 on HSZ-

320HOA. Isotherms are fitted to the Toth model shown in a solid line and Langmuir model 
in a dashed line. The intermediate pressure isotherms measured by the ASAP 2050 
instrument are also shown in Figure as the symbol of open triangle. 

 

Table 3.4. High-pressure isotherm fitting parameters of HSZ-320HOA by Toth and 

Langmuir model. 

Model Gas 𝒏𝒊
∗ (𝒎𝒐𝒍 ∙ 𝒌𝒈−𝟏) 𝒃𝒊 × 𝟏𝟎𝟓 (𝒃𝒂𝒓−𝟏) 𝑸𝒊 (𝒌𝑱 ∙ 𝒎𝒐𝒍−𝟏) 𝒕𝒊 𝑹𝑺𝑺 

Toth 
CH4 3.59 ± 0.05 1.96 ± 0.60 20.67 ± 0.80 1.30 ± 0.07 0.204 

CO2 7.41 ± 0.19 1.63 ± 1.15 27.55 ± 1.75 0.67 ± 0.04 0.872 

Langmuir 
CH4 3.91 ± 0.04 2.18 ± 0.78  20.77 ± 0.95 N/A 0.298 

CO2 6.60 ± 0.06 4.99 ± 1.45 29.45 ± 2.38 N/A 1.825 
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Figure 3.17. High-pressure absolute adsorption isotherms of CH4 and CO2 on HSZ-

350HUA. Isotherms are fitted to the Toth model shown in a solid line and Langmuir model 
in a dashed line. 

 

Table 3.5. High-pressure isotherm fitting parameters of HSZ-350HUA by Toth and 

Langmuir model. 

Model Gas 𝒏𝒊
∗ (𝒎𝒐𝒍 ∙ 𝒌𝒈−𝟏) 𝒃𝒊 × 𝟏𝟎𝟓 (𝒃𝒂𝒓−𝟏) 𝑸𝒊 (𝒌𝑱 ∙ 𝒎𝒐𝒍−𝟏) 𝒕𝒊 𝑹𝑺𝑺 

Toth 
CH4 4.60 ± 0.07 3.33 ± 0.62 18.63 ± 0.49 1.16 ± 0.05 0.126 

CO2 8.18 ± 0.19 1.33 ± 0.51 24.47 ± 0.98 0.90 ± 0.05 0.459 

Langmuir 
CH4 4.88 ± 0.03 3.54 ± 0.71 18.63 ± 0.54 N/A 0.156 

CO2 7.87 ± 0.06 1.06 ± 0.39 24.85 ± 0.97 N/A 0.509 
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Figure 3.18. High-pressure absolute adsorption isotherms of CH4 and CO2 on HSZ-

385HUA. Isotherms are fitted to the Toth model shown in a solid line and Langmuir model 
in a dashed line. 

 

Table 3.6. High-pressure isotherm fitting parameters of HSZ-385HUA by Toth and 

Langmuir model. 

Model Gas 𝒏𝒊
∗ (𝒎𝒐𝒍 ∙ 𝒌𝒈−𝟏) 𝒃𝒊 × 𝟏𝟎𝟓 (𝒃𝒂𝒓−𝟏) 𝑸𝒊 (𝒌𝑱 ∙ 𝒎𝒐𝒍−𝟏) 𝒕𝒊 𝑹𝑺𝑺 

Toth 
CH4 5.07 ± 0.08 6.51 ± 0.66 15.94 ± 0.27 1.08 ± 0.03 0.044 

CO2 7.13 ± 0.23 0.66 ± 0.30 24.72 ± 1.16 1.13 ± 0.10 0.680 

Langmuir 
CH4 5.30 ± 0.03 6.66 ± 0.70 15.91 ± 0.28 N/A 0.050 

CO2 7.51 ± 0.10 0.75 ± 0.32 24.53 ± 1.13 N/A 0.728 
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Figure 3.19. High-pressure absolute adsorption isotherms of CH4 and CO2 on HSZ-

390HUA. Isotherms are fitted to the Toth model shown in a solid line and Langmuir model 
in a dashed line. 

 

Table 3.7. High-pressure isotherm fitting parameters of HSZ-390HUA by Toth and 

Langmuir model. 

Model Gas 𝒏𝒊
∗ (𝒎𝒐𝒍 ∙ 𝒌𝒈−𝟏) 𝒃𝒊 × 𝟏𝟎𝟓 (𝒃𝒂𝒓−𝟏) 𝑸𝒊 (𝒌𝑱 ∙ 𝒎𝒐𝒍−𝟏) 𝒕𝒊 𝑹𝑺𝑺 

Toth 
CH4 3.91 ± 0.09 1.25 ± 0.38 20.64 ± 0.79 1.36 ± 0.09 0.235 

CO2 6.72 ± 0.17 0.55 ± 0.26 25.28 ± 1.21 1.28 ± 0.11 0.612 

Langmuir 
CH4 4.44 ± 0.06 1.31 ± 0.46 20.77 ± 0.93 N/A 0.331 

CO2 7.34 ± 0.10 0.71 ± 0.35 24.88 ± 1.31 N/A 0.798 
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Figure 3.20. High-pressure absolute adsorption isotherms of CH4 and CO2 on CBV-760. 

Isotherms are fitted to the Toth model shown in a solid line and Langmuir model in a 
dashed line. 

 

Table 3.8. High-pressure isotherm fitting parameters of CBV-760 by Toth and Langmuir 

model. 

Model Gas 𝒏𝒊
∗ (𝒎𝒐𝒍 ∙ 𝒌𝒈−𝟏) 𝒃𝒊 × 𝟏𝟎𝟓 (𝒃𝒂𝒓−𝟏) 𝑸𝒊 (𝒌𝑱 ∙ 𝒎𝒐𝒍−𝟏) 𝒕𝒊 𝑹𝑺𝑺 

Toth 
CH4 4.78 ± 0.13 3.88 ± 0.83 17.94 ± 0.56 1.07 ± 0.06 0.170 

CO2 8.94 ± 0.40 0.78 ± 0.32 24.66 ± 1.05 0.84 ± 0.07 0.639 

Langmuir 
CH4 4.96 ± 0.04 3.93 ± 0.84 17.65 ± 0.56 N/A 0.175 

CO2 8.08 ± 0.08 0.63 ± 0.20 25.12 ± 0.87 N/A 0.461 
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Figure 3.21. High-pressure absolute adsorption isotherms of CH4 and CO2 on CBV-780. 

Isotherms are fitted to the Toth model shown in a solid line and Langmuir model in a 
dashed line. 

 

Table 3.9. High-pressure isotherm fitting parameters of CBV-780 by Toth and Langmuir 

model. 

Model Gas 𝒏𝒊
∗ (𝒎𝒐𝒍 ∙ 𝒌𝒈−𝟏) 𝒃𝒊 × 𝟏𝟎𝟓 (𝒃𝒂𝒓−𝟏) 𝑸𝒊 (𝒌𝑱 ∙ 𝒎𝒐𝒍−𝟏) 𝒕𝒊 𝑹𝑺𝑺 

Toth 
CH4 5.02 ± 0.17 6.14 ± 1.18 16.04 ± 0.51 1.01 ± 0.06 0.134 

CO2 9.56 ± 0.54 1.17 ± 0.39 23.73 ± 0.86 0.71 ± 0.06 0.355 

Langmuir 
CH4 5.04 ± 0.05 6.12 ± 1.15 16.05 ± 0.50 N/A 0.134 

CO2 7.94 ± 0.10 0.76 ± 0.30 24.41 ± 1.06 N/A 0.600 
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Figure 3.22. High-pressure absolute adsorption isotherms of CH4 and CO2 on Sorbead® 

WS. Isotherms are fitted to the Toth model shown in a solid line and Langmuir model in 
a dashed line. 

 

Table 3.10. High-pressure isotherm fitting parameters of Sorbead® WS by Toth and 

Langmuir model. 

Model Gas 𝒏𝒊
∗ (𝒎𝒐𝒍 ∙ 𝒌𝒈−𝟏) 𝒃𝒊 × 𝟏𝟎𝟓 (𝒃𝒂𝒓−𝟏) 𝑸𝒊 (𝒌𝑱 ∙ 𝒎𝒐𝒍−𝟏) 𝒕𝒊 𝑹𝑺𝑺 

Toth 
CH4 9.72 ± 0.68 3.68 ± 0.19 14.50 ± 0.12 0.53 ± 0.02 0.004 

CO2 10.02 ± 0.01 6.84 ± 0.31 22.26 ± 1.23 0.89 ± 0.04 0.775 

Langmuir 
CH4 4.21 ± 0.07 5.25 ± 0.68 14.71 ± 0.35 N/A 0.034 

CO2 9.61 ± 0.40 0.77 ± 0.36 21.76 ± 1.29 N/A 0.884 
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The adsorption isotherm data of CH4 and CO2 for all studied adsorbents are 

available in the Appendix. Due to the controversial methods of calculating the 

absolute adsorption, the excess adsorption loadings, together with the absolute 

adsorption loadings, at each measuring condition are provided. 

The ideal selectivity of CO2 relative to CH4 at 313 K for all examined zeolites are 

shown in Figure 3.23. The definition of ideal selectivity is described in Equation 

2.13. In this case, the mixture component adsorption amounts with a composition 

of 30% CO2/70% CH4 were calculated according to the IAST method (hence it is 

called IAST selectivity). The basic concept of IAST is introduced in Section 

2.1.2.4. Toth model fitting parameters of adsorbents were used in the IAST 

calculation. 

 

Figure 3.23. IAST selectivity of CO2 over CH4 with a gas mixture composition of 

30%/70% at 313 K on studied adsorbents.  

From the graph, the selectivity of all adsorbents is larger than 5 under the whole 

pressure range, which means they are all good candidates for high-pressure 

CO2/CH4 separation. The most prominent adsorbent, HSZ-320HOA, the zeolite 

with the lowest Si/Al ratio among our studied materials, outperforms others by 

several folds. Since the adsorbent with the strongest CO2-solid interaction has 

the highest selectivity, this result suggests that the IAST selectivity is counting 
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mostly on the material properties than other considerations. We will evaluate the 

performance of the adsorbents via process simulations to confirm and assess 

the influence of other factors.  

3.4.5   Process simulations 

Process simulations were carried out in Aspen Adsorption. The gas isotherms 

were input into the simulation tools in the form of Langmuir model fitting 

parameters, and then was used in the extended Langmuir model (Equation 2.7) 

to predict the mixture adsorption loadings within the simulation. For each 

simulation, the molar flowrate of the feed gas at the feed & adsorption step was 

set to be constant (0.04 𝑚𝑜𝑙/𝑠 = 144 𝑚𝑜𝑙/ℎ𝑟)  while the adsorption step time was 

adjusted to achieve the product specification, 95% purity for CH4 product in our 

study. The results from the simulation are summarised in Table 3.11. Although 

CO2 purity and recovery are still indicative parameters, considering their coupled 

relationship with the CH4 purity and recovery governed by the mass conservation 

law, the performance of the adsorbents can be solely determined by a single 

factor of CH4 recovery.   

Table 3.11. Summary of the simulation results on studied adsorbents 

 
Feed 

composition 

Feed 
temperature 

(𝑲) 

Feed step 
time (𝒔𝒆𝒄) 

CO2 purity 
(𝒎𝒐𝒍%) 

CO2 
recovery 
(𝒎𝒐𝒍%) 

CH4 
recovery 
(𝒎𝒐𝒍%) 

HSZ-320HOA 

30% CO2 

70% CH4 
313 

48.0 50.52 93.45 61.30 

HSZ-350HUA 58.9 49.34 92.61 58.52 

HSZ-385HUA 63.4 50.11 93.35 60.58 

HSZ-390HUA 52.8 48.31 92.99 57.04 

CBV-760 51.8 47.74 93.77 56.20 

CBV-780 60.2 50.26 93.40 60.84 

Sorbead® WS 74.0 57.11 92.03 71.12 

 

The simulation results show that Sorbead® WS is a better adsorbent compared 

with other studied zeolites, and this is a completely different conclusion as 

indicated by the results of IAST selectivity. Since results from the ideal selectivity 

only takes account of the pure component isotherms parameters, while process 
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simulation includes every aspect from the factor of adsorbents to the influence 

by the cycle configuration, it is obvious that the results of the simulation are more 

persuasive and that using the ideal selectivity can lead to misleading conclusions. 

The feed step times for different adsorbents in Table 3.11 display possible clues 

why Sorbead® WS outperforms other adsorbents. This feed time is adjusted to a 

value to ensure the composition of the top product is 95 mol% of CH4. A larger 

feed step time with constant molar flowrate means that the adsorbent can absorb 

more gas molecules before the breakthrough gas stream contains more than 5 

mol% CO2. This statement is generally admitted when one adsorbent has a 

larger adsorption capacity than the other one. However, according to the 

measured adsorption isotherms of, for instance, HSZ-320HOA in Figure 3.16 

and Sorbead® WS in Figure 3.22, under the condition in simulation (50 bar, 70% 

CO2/30% CH4) HSZ-320HOA has larger adsorption capacities for both CO2 and 

CH4 than Sorbead® WS. From the concentration profiles provided by Figure 3.24, 

it clearly shows that when we specified the top product to be 95 mol% of CH4, 

Sorbead® WS, which has a lower equilibrium adsorption capacity, adsorbed 

more CO2 in the feed step than HSZ-320HOA, which has a higher adsorption 

capacity. Thus, features other than adsorption capacities here govern the 

adsorbent performance, in particular the condition of the bed at the start of the 

feed step, which is dependent on the extent of regeneration of the bed during the 

cycle. 

 

Figure 3.24. Mole fraction profile of CO2 in the gas phase at the end of different steps 

during one cycle in simulation  

Previous literature has studied the regenerability of the adsorbent in the 
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application of natural gas sweetening process [96]. According to the amount 

adsorbed profiles shown in Figure 3.25, Sorbead® WS exhibited much better 

bed regeneration than HSZ-320HOA. The gap between the two profile lines in 

the figure represents the amount adsorbed of the bed in the adsorption step.  The 

adsorption bed packed with Sorbead® WS is “cleaner” than that with HSZ-

320HOA after the desorption step.  Subsequently, within a cycle operation 

scheme, Sorbead® WS can adsorb more gas in the next cycle. Overall, although 

HSZ-320HOA has a higher adsorption capacity, Sorbead® WS can proceed with 

a higher throughput per cycle because of its better regenerability and hence 

higher “working capacity”. 

 

Figure 3.25. Amount adsorbed profile of CO2 on the adsorbent at the end of different 

steps during one cycle in simulation 

The simulation results raise an interesting question that is worth considering: 

how many and which factors should we include when we want to evaluate the 

adsorbent without experiment or simulation? In the next chapter, we further 

investigate this issue. 

3.5   Summary 

In this chapter, the adsorption properties of six zeolites (HSZ-320HOA, HSZ-

350HUA, HSZ-385HUA, HSZ-390HUA, CBV-760, and CBV-780) and one silica-

gel (Sorbead® WS) were measured. The textural structures of selected zeolites 

were characterized by carrying out N2 adsorption measurements at 77.3 K. 

Intermediate-pressure adsorption isotherms (up to 10 bar) of CO2 and CH4 at 

three temperatures were determined volumetrically by ASAP 2050. With the low 

adsorption coverage data at different temperatures, the isosteric heats of 
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adsorption for each gas were calculated using the Clausius-Clapeyron equation. 

High-pressure adsorption equilibrium from gravimetric adsorption experiments 

for CH4 and CO2 were measured at three temperatures (303 K, 313 K and 333 

K) for all studied materials. The excess adsorption loadings were obtained 

directly from the readings of a magnetic suspension balance, while the absolute 

adsorption loadings were calculated under an assumption of fixed density of the 

adsorbed phase. The Toth model and Langmuir model were used to fit the 

absolute adsorption isotherms, and both sets of model parameters can be 

directly used in the future process simulations. 

The analysis of the selectivity of CO2 over CH4 shown that HSZ-320HOA had the 

highest IAST selectivity. However, adsorbent evaluation by PSA process 

simulations conducted by Aspen Adsorption presented completely different 

results. In the simulations, the gaseous mixture with 30% CO2/70% CH4 was 

separated to get a CH4 enriched stream with a purity of 95%. The results showed 

with same final product purity, Sorbead® WS could achieve higher CH4 recovery 

(71.12%) than other examined adsorbents.   
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NOVEL ADSORBENT PERFORMANCE INDICATOR – ADIABATIC 

COLUMN WORKING SELECTIVITY 

4.1   Introduction 

In the last chapter, we have characterized six new zeolites and one silica-gel as 

the adsorbents for CO2 removal from natural gas. We employed a common 

performance indicator, IAST selectivity, and process simulation to evaluate the 

adsorbent performance. However, the results of the two methods are 

inconsistent. This raises an interesting question “Can any performance indicators 

obtain similar results as process simulation or experiments?”. We have reviewed 

most of the common adsorbent performance indicators in Section 2.3. To 

overcome the known limitations of the existing indicators, we propose a novel 

adsorbent process performance indicator in this chapter that includes a process 

factor, the gas phase loading. The existing metrics and the newly proposed 

indicator are used to screen our characterized seven adsorbents, as well as two 

MOFs from reference, for the application to CO2/CH4 separation. 

4.2   Development of a novel adsorbent process performance indicator 

Due to the dynamic nature of the adsorption process, the industrial practice is a 

complicated and integrated process, containing 10 more parallel columns and 20 

more sequential steps, to accomplish a certain objective, while the quintessence 

of such processes can be referred to the first PSA cycle – Skarstrom cycle [97]. 

Two adsorption beds and four steps are required in Skarstrom cycle, which is 

demonstrated in Figure 4.1. It can be future simplified to only two crucial steps: 

adsorption and desorption, which is demonstrated by the schematic in Figure 4.2. 
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Figure 4.1. Schematic of a Skarstrom cycle PSA process 

  

Figure 4.2. Schematic of a basic PSA process 

In a PSA process, the feed gas stream at high pressure passes through the 

adsorption column, where the heavy component is selectively adsorbed by the 

Bed1 Bed2

V1 V2

Light Product

Heavy Product

Feed

V3 V4

V7 V8

Feed Blow Purge Pressurise

V1,V7 V3 V5,V3 V1

Feed BlowPurge Pressurise

V2,V8 V4V6,V4 V2

Bed 1

Bed 2

F&
AD

Feed

Top Product

(2)(1)

BD

Bottom Product



 

 

71 

adsorbent and the light component elutes from the exit of the column. The 

adsorption step stops before the adsorbent is saturated by the heavy component. 

A subsequent desorption step then desorbs the trapped heavy component by 

releasing the bed pressure to regenerate the adsorbent for the next adsorption 

cycle. A simple mass balance calculation over this process implies that the 

bottom product with enriched heavy component is equal to what the adsorption 

column loaded during the adsorption step. Correspondingly, the top product with 

the light component enriched is the feed gas without the trapped portion during 

the adsorption step. Hence, to examine the process performance, i.e. checking 

the purity and recovery of the light and heavy product, knowing the column 

loading at the adsorption step is essential. 

In the previous studies as discussed in Section 2.3, the column loading at the 

end of the adsorption step was generally considered as the equilibrium uptake 

in the adsorbed phase, while the compounds in the void space were assumed to 

be insignificant. Based on such a fixed mindset, the existing adsorption metrics 

attached more importance to the adsorbed phase, ignoring the amount of the 

gas phase compressed in the void space of the adsorption column. The 

assumption of column loading being equal to solid equilibrium loading was 

reasonably good when the corresponding adsorption pressure was relatively low. 



 

 

72 

 

Figure 4.3. Scheme showing the void space in the adsorption column 

However, the void space of the column is a crucial factor for the adsorption 

process, particularly when the feed pressure increases. There are two types of 

void space existing in the adsorption column (Figure 4.3). Void space 𝛼 is the 

interspace between the adsorbent particle, while void space 𝛽 is the large porous 

space in the adsorbent particle. Yang states that the gas mixture in the void 

space of the bed cannot be recovered as a useful product, and the overall 

recovery suffers if the voidage of the column was large [12]. In sophisticated 

industrial adsorption processes, there are steps, like pressure equalization and 

purging, whose purposes are to control the gas amount in the void space to the 

desired targets. For the applications occurring under elevated pressures like pre-

combustion capture and natural gas sweetening, the amount of adsorbates 

stored in the gas phase would increase linearly with the increasing pressure, 

while the adsorbed phase would eventually be saturated due to the limitation of 

the adsorption capacity. In this case, the assumption of no gas phase storage is 
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no longer valid. The heavy component stored in the gas phase under high 

pressure would grow significantly to a comparable amount to that in the adsorbed 

phase. The amount of the light component in the gas phase could be much 

higher, even several times than that in the adsorbed phase depending on the 

applications. 

Figure 4.4 demonstrates an example case for the application of natural gas 

sweetening. The feed gas was comprised of 30% CO2 and 70% CH4 at a total 

pressure of 100 bar. The adsorption column was filled with an ultra-stable Y 

zeolite with an overall bed porosity of 0.71. As can be observed, the overall 

loading of methane in the column was much more than that adsorbed on the 

adsorbent, as the total pressure approached to the high end. Without a doubt, 

the adsorption metrics which only consider the solid loading would not be able to 

produce acceptable results. 

 

Figure 4.4. A demonstration showing the relationship between the solid loadings and 

the gas loadings in a high-pressure CO2/CH4 separation process 

To contain the feature of the adsorbate stored in the gas phase, we here define 

a new term, column adsorption isotherms 𝑛𝑖,𝑐𝑜𝑙𝑢𝑚𝑛 , to represent the specific 
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loading of one component in both solid and gas phases under certain conditions. 

The column adsorption isotherms in a unit of [𝑚𝑜𝑙/𝑘𝑔] is calculated as Equation 

4.1, the sum of the solid loading per unit mass of the adsorbent and the amount 

stored in the gas phase with the same volume that the unit mass of adsorbent 

occupies in the adsorption column. 

𝑛𝑖,𝑐𝑜𝑙𝑢𝑚𝑛 = 𝑛𝑖,𝑠𝑜𝑙𝑖𝑑 + 𝑛𝑖,𝑔𝑎𝑠 Equation 4.1 

The solid loading term, 𝑛𝑖,𝑠𝑜𝑙𝑖𝑑, can be estimated using any available pure and 

mixture adsorption isotherm model. For example, if the solid loading follows the 

extended Langmuir model, it can be expressed as Equation 4.2. 

𝑛𝑖,𝑠𝑜𝑙𝑖𝑑 =
𝑛𝑖

∗𝑏𝑖exp (
𝑄𝑖

𝑅𝑇)𝑃𝑖

1 + ∑ 𝑏𝑖exp (
𝑄𝑖

𝑅𝑇)𝑃𝑖

 Equation 4.2 

The gaseous term, 𝑛𝑖,𝑔𝑎𝑠, needs to be computed in accordance with an equation 

of state (EoS) given a specific P and T condition. Additionally, to make the solid 

loading term and the gaseous term additive, they must be evaluated in the same 

base. Thus, the bulk density (𝜌𝑏𝑢𝑙𝑘) of the adsorbent and the total voidage (𝜀) of 

the column are required. The former gives a clue of the volume of a unit mass of 

adsorbent when stacked in the adsorption column. The latter can be used to 

calculate the volume of the gas phase in the same space as the unit mass of 

adsorbent. If ideal gas is assumed, the gas loading term can be written as in 

Equation 4.3. 

𝑛𝑔𝑎𝑠,𝑖 =
𝑃𝑖𝜀

𝑅𝑇𝜌𝑏𝑢𝑙𝑘
 Equation 4.3 

Note that according to the expressions of Equation 4.2 and Equation 4.3, both 

solid and gas loadings are related to the temperature and the partial pressure of 

the component. Therefore, the column loadings under any operation conditions 

are accessible. Following the same way of defining the working capacity with 

only solid loadings as in Section 2.3.6, the column working capacity, 𝑊𝐶𝑖,𝑐𝑜𝑙𝑢𝑚𝑛, 

is defined with column loadings between the adsorption and desorption 

conditions in Equation 4.4. So is the column working selectivity, 𝛽𝑐𝑜𝑙𝑢𝑚𝑛, defined 

in Equation 4.5, as the ratio of the column working capacity of the heavy and light 
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component. The column working selectivity is the new adsorption process 

performance indicator we propose to evaluate and screen adsorbent for process 

design. 

𝑊𝐶𝑖,𝑐𝑜𝑙𝑢𝑚𝑛 = 𝑛𝑖,𝑐𝑜𝑙𝑢𝑚𝑛(𝑃𝑎𝑑 , 𝑇𝑎𝑑 , 𝑦𝑖,𝑎𝑑) − 𝑛𝑖,𝑐𝑜𝑙𝑢𝑚𝑛(𝑃𝑑𝑒 , 𝑇𝑑𝑒 , 𝑦𝑖,𝑑𝑒) Equation 4.4 

𝛽𝑐𝑜𝑙𝑢𝑚𝑛 =
𝑊𝐶𝐵,𝑐𝑜𝑙𝑢𝑚𝑛

𝑊𝐶𝐴,𝑐𝑜𝑙𝑢𝑚𝑛
 Equation 4.5 

The new indicator contains all features that the traditional working selectivity 

holds, i.e. the solid equilibrium loading and the working capacity between 

adsorption and desorption conditions. To approach the actual process as much 

as possible, the adiabatic assumption is adopted, which means the temperature 

of the desorption step needs to be determined before the calculation of the 

indicator. A more specific name of this indicator would be “adiabatic column 

working selectivity”. 

In addition to the features already considered by other indicators, the adiabatic 

column working selectivity contains a new factor, the absolute amount of the gas 

in the void space. This factor reflects the impact of the configuration of the 

adsorption column, which is a new category of factors other than the property of 

the adsorbent and the cyclic operating parameters of the process. 

To illustrate the versatility of this adiabatic column working selectivity, it will be 

used along with other existing indicators to compare a series of adsorbents for a 

CO2/CH4 separation process in this chapter. 

4.3   Materials and simulation methods 

4.3.1   Adsorbents 

Nine adsorbents are employed for the adsorbent screening to examine the 

feasibility of the new adsorption performance indicator. They are six zeolites 

(HSZ-320HOA, HSZ-350HUA, HSZ-385HUA, HSZ390HUA, CBV-760 and CBV-

780), one silica-gel (Sorbead® WS) and two MOFs (UiO-66, and UiO-67). 

Structures of the zeolites and the silica-gel Sorbead® WS have been 

characterized in Chapter 3, so have their adsorption isotherms of CO2 and CH4 

at high pressure and different temperatures. We also selected two MOFs, UiO-
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66 and UiO-67, as the candidates to diversify the adsorbent types. They were 

reported to have suitable CO2 capacities and mildly non-linear adsorption 

isotherms for the application of CO2/CH4 separation at high pressure [98]. 

The textural properties of the selected adsorbents are listed in Table 4.1 for 

comparison. The data of zeolites and Sorbead® were retrieved from Chapter 3, 

and those of MOFs were reported by Cavka et al [98].  

Table 4.1. Textural properties of materials studied in this chapter 

Adsorbent 
SiO2/Al2O3 

ratio 

Pore volume 

(𝒄𝒎𝟑/𝒈) 

BET surface area 

(𝒎𝟐/𝒈) 

HSZ-320HOA 5.5 0.38 540 

HSZ-350HUA 10 0.45 673 

CBV-760 60 0.55 676 

CBV-780 80 0.56 637 

HSZ-385HUA 100 0.51 616 

HSZ-390HUA 500 0.47 630 

Sorbead® WS N/A 0.45 650 

UiO-66 N/A 0.36 1,013 

UiO-67 N/A 0.83 2,556 

4.3.2   Adsorbent performance indicators 

In Section 2.3 of this work, we presented a comprehensive review covering the 

most common adsorbent performance indicators. The discussed indicators along 

with the new proposed indicator, the adiabatic column working selectivity, are 

listed in Table 4.2. 
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Table 4.2. Definition of the adsorbent performance indicators considered in this chapter 

Indicator Expression Ref. 

Heavy component 
solid loadings 

𝑛𝐶𝑂2
(𝑃𝑎𝑑 , 𝑇𝑎𝑑 , 𝑦𝐶𝑂2,𝑎𝑑) [12] 

Ideal selectivity 𝛼𝑌 =
𝑛𝐶𝑂2

(𝑃, 𝑇, 𝑦𝐶𝑂2
)

𝑛𝐶𝐻4
(𝑃, 𝑇, 𝑦𝐶𝐻4

)
∙

𝑦𝐶𝐻4

𝑦𝐶𝑂2

 [12] 

Isothermal 
working 
selectivity 

𝛽𝑖𝑠𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 =
𝑊𝐶𝐶𝑂2

𝑊𝐶𝐶𝐻4

=
𝑛𝐶𝑂2

(𝑃𝑎𝑑 , 𝑇𝑎𝑑, 𝑦𝐶𝑂2,𝑎𝑑) − 𝑛𝐶𝑂2
(𝑃𝑑𝑒 , 𝑇𝑎𝑑 , 𝑦𝐶𝑂2,𝑎𝑑)

𝑛𝐶𝐻4
(𝑃𝑎𝑑 , 𝑇𝑎𝑑 , 𝑦𝐶𝐻4,𝑎𝑑) − 𝑛𝐶𝐻4

(𝑃𝑑𝑒 , 𝑇𝑎𝑑, 𝑦𝐶𝐻4,𝑎𝑑)
 [77] 

Adiabatic working 
selectivity 

𝛽𝑎𝑑𝑖𝑎𝑏𝑎𝑡𝑖𝑐 =
𝑊𝐶𝐶𝑂2

𝑊𝐶𝐶𝐻4

=
𝑛𝐶𝑂2

(𝑃𝑎𝑑 , 𝑇𝑎𝑑 , 𝑦𝐶𝑂2,𝑎𝑑) − 𝑛𝐶𝑂2
(𝑃𝑑𝑒 , 𝑇𝑑𝑒 , 𝑦𝐶𝑂2,𝑎𝑑)

𝑛𝐶𝐻4
(𝑃𝑎𝑑, 𝑇𝑎𝑑 , 𝑦𝐶𝐻4,𝑎𝑑) − 𝑛𝐶𝐻4

(𝑃𝑑𝑒 , 𝑇𝑑𝑒 , 𝑦𝐶𝐻4,𝑎𝑑)
 [78] 

Notaro’s AFM 𝛾𝐴𝐹𝑀 = 𝑊𝐶𝐶𝑂2
∙ 𝛼𝑌,𝑎𝑑 ∙

𝛼𝑌,𝑎𝑑

𝛼𝑌,𝑑𝑒
 [80] 

Rege and Yang’s 
separation 
parameter 

𝛾𝑅&𝑌 = 𝛽𝑖𝑠𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 ∙ 𝛼𝑌,𝑎𝑑 [81] 

Wiersum’s API 𝛾𝐴𝑃𝐼 =
(𝛽𝑖𝑠𝑜𝑡ℎ𝑒𝑟𝑚𝑎𝑙 − 1)𝑎 ∙ 𝑊𝐶𝐶𝑂2

𝑏

|Δ𝐻𝐶𝑂2
|

𝑐   [82] 

Adiabatic column 
working 
selectivity 

𝛽𝑐𝑜𝑙𝑢𝑚𝑛 =
𝑊𝐶𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛

𝑊𝐶𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛
=

𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛(𝑃𝑎𝑑 , 𝑇𝑎𝑑 , 𝑦𝐶𝑂2,𝑎𝑑) − 𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛(𝑃𝑑𝑒 , 𝑇𝑑𝑒 , 𝑦𝐶𝑂2,𝑑𝑒)

𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛(𝑃𝑎𝑑 , 𝑇𝑎𝑑 , 𝑦𝐶𝐻4,𝑎𝑑) − 𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛(𝑃𝑑𝑒 , 𝑇𝑑𝑒 , 𝑦𝐶𝐻4,𝑑𝑒)
 

This 
work 

 

4.3.3   Adsorption process simulations 

To evaluate the process performance of selected adsorbents for the CH4/CO2 

separation, we continued to employ the nine-step PSA cycle with the help of the 

commercial simulation program, Aspen Adsorption V10. The same simulation 

configuration is used in Chapter 3. The detailed description can be found in 

Section 3.2.4. 

The details of the adsorption bed are listed together with the configuration of the 

operating conditions in Table 4.3. Bed characteristics used in the Aspen 

Adsorption and simulated operating conditions. The bulk density and voidage of 

the packed bed for zeolites and silica were retrieved from a previous work from 

our research group [51]. Data for UiO-66 and UiO-67 have not been reported to 

date. Therefore, we instead used the corresponding data of another common 

MOF material, Cu-BTC, which was available in references [99,100].  
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 Table 4.3. Bed characteristics used in the Aspen Adsorption and simulated operating 

conditions 

Parameters Value 

Packing length (𝒎𝒎) 600 

Internal bed diameter (𝒎𝒎) 80 

Feed pressure (𝒃𝒂𝒓) 50 

Feed temperature (𝑲) 313 

Feed composition 70% CH4 / 30% CO2 

Desorption pressure (𝒃𝒂𝒓) 1 

Methane product purity 
specification 

95% CH4 

 Zeolites  Sorbead® WS MOFs 

Packing bulk density (𝒌𝒈/𝒎𝟑) 750 800 350 

Particle size (𝒎𝒎) 2 

Inter-particle voidage, 𝜺𝒊 0.37 0.37 0.37 

Intra-particle voidage, 𝜺𝑷 0.54 0.54 0.75 

 

4.4   Results and discussion 

4.4.1   Adsorption isotherms 

The adsorption isotherms of CO2 and CH4 on selected adsorbents at 313 K were 

recreated in Figure 4.5 using the data available in Chapter 3 and the reference 

[98]. Two adsorption isotherm models, the Langmuir model (Equation 4.6) and 

Toth model (Equation 4.7), were employed to fit the experimental data.  

𝐿𝑎𝑛𝑔𝑚𝑢𝑖𝑟 𝑀𝑜𝑑𝑒𝑙:    𝑛𝑖 =
𝑛𝑖

∗𝑏𝑖 exp (
𝑄𝑖

𝑅𝑇) 𝑃𝑖

1 + 𝑏𝑖 exp (
𝑄𝑖

𝑅𝑇) 𝑃𝑖  
 Equation 4.6 

𝑇𝑜𝑡ℎ 𝑀𝑜𝑑𝑒𝑙:   𝑛𝑖 =
𝑛𝑖

∗𝑏𝑖 exp (
𝑄𝑖

𝑅𝑇) 𝑃𝑖

[1 + (𝑏𝑖 exp (
𝑄𝑖

𝑅𝑇) 𝑃𝑖)
𝑡

]

1
𝑡

 

 
Equation 4.7 
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Figure 4.5. Adsorption isotherms for methane and carbon dioxide at 313 K on selected 

adsorbents 
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The structure of six investigated Faujasite zeolites here are very similar. The 

main difference of these zeolites is the ratio of the amount of silica and alumina 

in their framework as shown in Table 4.1. It can be observed from Figure 4.5, 

HSZ-320HOA, the one with the lowest Si/Al ratio, has the steepest CO2 isotherm 

shape and is saturated at relatively low pressure. When the Si/Al ratio increases 

from 5.5 to 500, the shape of the CO2 isotherms becomes more linear, and the 

saturation pressure grows. As the saturation pressure rises, the equilibrium CO2 

loadings on high Si/Al ratio zeolites within the examined pressure range are 

further below their saturated loadings. This appears as the solid loadings of the 

high Si/Al ratio zeolites have relatively lower uptakes than those of the lower Si/Al 

ratio zeolites. Nonetheless, with a glimpse of Figure 4.5, the differences among 

zeolites are quite small when compared with other types of adsorbents. Their 

similarity in terms of the structure and adsorption characteristics makes them 

hard to evaluate from a cursory examination. Any indicators aiming to distinguish 

these zeolites are required to have high enough resolution to tell one’s advantage 

from tiny differences compared to their peers. 

Table 4.4. Adsorption isotherms fitting parameters by Langmuir Model 

Adsorbent Gas 𝒏𝒊
∗ (𝒎𝒐𝒍 ∙ 𝒌𝒈−𝟏) 𝒃𝒊 × 𝟏𝟎𝟓 (𝒃𝒂𝒓−𝟏) 𝑸𝒊 (𝒌𝑱 ∙ 𝒎𝒐𝒍−𝟏) 𝑹𝑺𝑺 

HSZ-320HOA 
CH4 3.91 ± 0.04 2.18 ± 0.78  20.77 ± 0.95 0.298 

CO2 6.60 ± 0.06 0.50 ± 0.45 29.45 ± 2.38 1.825 

HSZ-350HUA 
CH4 4.88 ± 0.03 3.54 ± 0.71 18.63 ± 0.54 0.156 

CO2 7.87 ± 0.06 1.06 ± 0.39 24.85 ± 0.97 0.509 

CBV-760 
CH4 4.96 ± 0.04 3.93 ± 0.84 17.65 ± 0.56 0.175 

CO2 8.08 ± 0.08 0.63 ± 0.20 25.12 ± 0.87 0.461 

CBV-780 
CH4 5.04 ± 0.05 6.12 ± 1.15 16.05 ± 0.50 0.134 

CO2 7.94 ± 0.10 0.76 ± 0.30 24.41 ± 1.06 0.600 

HSZ-385HUA 
CH4 5.30 ± 0.03 6.66 ± 0.70 15.91 ± 0.28 0.050 

CO2 7.51 ± 0.10 0.75 ± 0.32 24.53 ± 1.13 0.728 

HSZ-390HUA 
CH4 4.44 ± 0.06 1.31 ± 0.46 20.77 ± 0.93 0.331 

CO2 7.34 ± 0.10 0.71 ± 0.35 24.88 ± 1.31 0.798 

Sorbead® WS 
CH4 4.21 ± 0.07 5.25 ± 0.68 14.71 ± 0.35 0.034 

CO2 9.61 ± 0.40 0.77 ± 0.36 21.76 ± 1.29 0.884 

CH4 7.50 ± 0.13 4.30 ± 1.26 17.57 ± 0.80 3.796 
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UiO-66 CO2 8.65 ± 0.05 1.07 ± 0.10 23.76 ± 0.25 0.964 

UiO-67 
CH4 5.29 ± 0.12 1.99 ± 0.77 19.50 ± 1.03 3.747 

CO2 25.37 ± 0.22 1.10 ± 0.08 21.46 ± 0.20 3.555 

 

Table 4.5. Adsorption isotherms fitting parameters by Toth Model 

Adsorbent Gas 𝒏𝒊
∗ (𝒎𝒐𝒍 ∙ 𝒌𝒈−𝟏) 𝒃𝒊 × 𝟏𝟎𝟓 (𝒃𝒂𝒓−𝟏) 𝑸𝒊 (𝒌𝑱 ∙ 𝒎𝒐𝒍−𝟏) 𝒕𝒊 𝑹𝑺𝑺 

HSZ-
320HOA 

CH4 3.59 ± 0.05 1.96 ± 0.60 20.67 ± 0.80 1.30 ± 0.07 0.204 

CO2 7.41 ± 0.19 1.63 ± 1.15 27.55 ± 1.75 0.67 ± 0.04 0.872 

HSZ-
350HUA 

CH4 4.60 ± 0.07 3.33 ± 0.62 18.63 ± 0.49 1.16 ± 0.05 0.126 

CO2 8.18 ± 0.19 1.33 ± 0.51 24.47 ± 0.98 0.90 ± 0.05 0.459 

CBV-760 
CH4 4.78 ± 0.13 3.88 ± 0.83 17.94 ± 0.56 1.07 ± 0.06 0.170 

CO2 8.94 ± 0.40 0.78 ± 0.32 24.66 ± 1.05 0.84 ± 0.07 0.639 

CBV-780 
CH4 5.02 ± 0.17 6.14 ± 1.18 16.04 ± 0.51 1.01 ± 0.06 0.134 

CO2 9.56 ± 0.54 1.17 ± 0.39 23.73 ± 0.86 0.71 ± 0.06 0.355 

HSZ-
385HUA 

CH4 5.07 ± 0.08 6.51 ± 0.66 15.94 ± 0.27 1.08 ± 0.03 0.044 

CO2 7.13 ± 0.23 0.66 ± 0.30 24.72 ± 1.16 1.13 ± 0.10 0.680 

HSZ-
390HUA 

CH4 3.91 ± 0.09 1.25 ± 0.38 20.64 ± 0.79 1.36 ± 0.09 0.235 

CO2 6.72 ± 0.17 0.55 ± 0.26 25.28 ± 1.21 1.28 ± 0.11 0.612 

Sorbead® 
WS 

CH4 9.72 ± 0.68 3.68 ± 0.19 14.50 ± 0.12 0.53 ± 0.02 0.004 

CO2 10.02 ± 0.01 6.84 ± 0.31 22.26 ± 1.23 0.89 ± 0.04 0.775 

UiO-66 
CH4 7.50 ± 0.13 4.30 ± 1.26 17.57 ± 0.80 1.01 ± 0.06 3.796 

CO2 8.65 ± 0.05 1.07 ± 0.10 23.76 ± 0.25 0.71 ± 0.06 0.964 

UiO-67 
CH4 5.41 ± 0.42 2.00 ± 0.79 19.50 ± 1.05 0.96 ± 0.11 3.744 

CO2 24.14 ± 0.81 1.13 ± 0.09 21.46 ± 0.20 1.06 ± 0.04 3.510 

 

Sorbead® WS has the most linear adsorption isotherms. The adsorption amounts 

of both CO2 and CH4 on Sorbead® WS are far from the saturated uptakes within 

the pressure range of interest in this work and consequently lower than other 

investigated adsorbents. Low CO2 loading is not desired because it could impair 

the CO2 selectivity. However, the CH4 loading on Sorbead® WS is less than other 

adsorbents’ loading as well, only half of the studied zeolites and almost one-third 

of that on UiO-66. Several previous researchers have stated that the ability of an 

adsorbent to reject the less adsorbed component, i.e. CH4 in this application, 
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could be more important than adsorbed more CO2 [75,76,83]. Hence, Sorbead® 

WS could be expected to be a good adsorbent for CO2/CH4 separation due to its 

lowest CH4 loading, though the eventual ranking of the CO2 selectivity remains 

unclear before using the performance indicators. 

UiO-66 has the highest CH4 loading among the selected adsorbents when the 

CO2 loading is equivalent to that of the zeolites, while UiO-67 presents the 

highest CO2 loadings when the CH4 loading is a little bit higher than zeolites. 

Without further analysis, we can affirm that the performance of UiO-67 for 

CO2/CH4 separation would be much better than that of UiO-66 under the same 

operating conditions. But due to the big difference of the physical properties 

between MOFs and other adsorbents, especially the bulk density of MOFs (which 

is normally far smaller than zeolites and silica gel), it is still difficult to tell if MOFs 

are superior for the CO2/CH4 separation. 

4.4.2   Adsorbent screening using the existing indicators 

Using the process parameters in Table 4.3 as well as the adsorption isotherms 

fitting parameters, the existing indicators listed in Table 4.2 can be calculated for 

the selected adsorbents. The results of all indicators are listed in Table 4.6. For 

all indicators, a larger number suggests better performances. To allow a quick 

comparison, we formatted the table such that the maximal number of one 

indicator was shaded as navy blue and the minimal number was shaded as red, 

while the median was left without shading. Other numbers between the maximum 

and minimum were coloured proportionally. The parameter used as the 

“benchmark” for comparison was the methane recovery, as calculated by Aspen 

Adsorption using the full cycle detailed earlier.  The quality of each metric may 

be judged, therefore, by how close the ranking for that metric corresponds to the 

ranking provided by the Aspen Adsorption methane recovery. 

The CO2 equilibrium loadings at the feed condition in the table were the 

competitive loadings calculated by the extended Langmuir model. UiO-67 had 

the highest CO2 loadings while the Sorbead® WS had the least. The results were 

reasonable and in accordance with the adsorption isotherm measurements. 

Ideal selectivity produced a different performance ranking compared with the 
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CO2 equilibrium loading. The results of ideal selectivity show HSZ-320HOA to be 

the best adsorbent. It can be attributed to the sharp non-linearity of the CO2 

isotherms on HSZ-320HOA, which implies stronger interactions with CO2. This 

steep CO2 isotherms also leads to more advantages when calculating the 

competitive adsorption amount and consequently results in a higher ideal 

selectivity of CO2 over CH4. The lowest ranking of UiO-66 is because CO2 and 

CH4 isotherms of UiO-66 shows similar linearity and saturated loadings so that 

the selective adsorption towards CO2 is weak. 

The Isothermal working selectivity was calculated between the feed condition 

and desorption condition. It was interesting that the ranking from isothermal 

working selectivity agreed with the ranking of ideal selectivity. The fact that the 

isothermal working selectivity and ideal selectivity showed the same trends but 

calculated in different ways revealed that both indicators capture the same 

feature of the adsorbents when no thermal effect was considered.  

With the introduction of thermal effects into the indicator, the best adsorbent 

expected by adiabatic working selectivity was Sorbead® WS, followed by UiO-

67. The only difference between the isothermal working selectivity and the 

adiabatic selectivity is that the desorption solid loadings are calculated at 

different temperatures. The ranking shift between these two indicators 

demonstrated the difference in the sensitivity of the adsorbent isotherms towards 

the change of temperature. In the meantime, the significant changes in the 

performance rankings between the isothermal and adiabatic working selectivity 

show the necessity of including the thermal effect into the performance indicator. 

It should be noted that the gas composition at the desorption condition, as well 

as the temperature under the adiabatic assumption, were unknown variables 

without further process simulations or experiments. For the desorption 

composition, we have tried several values between the feed (70% CH4) and the 

proposed heavy product (5% CH4). The result number of individual adsorbents 

would change accordingly, however, the overall ranking did not shift because of 

the change. Thus, we used an average value of 20% CH4 from our previous 

simulation results. Similarly, we set the desorption temperature to be 273 K, 

because the temperature swing for the studied PSA process is around 40 K 
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according to our simulation results. These are solely initially guessed. 

Considering the purpose of this chapter, we would stick to these assumptions for 

all occasions requiring the information at the desorption condition. 

The lumped parameters emphasized different aspects of the adsorption 

processes; thus, they ranked the adsorbents in different ways. Rege & Yang’s 

separation parameter is calculated as the product of ideal selectivity and the 

isothermal working selectivity. Because the latter two indicators already 

predicted the same ranking, the lumped one will just give the same result.  

Notaro’s AFM is calculated as the CO2 working capacity times the ideal 

selectivity, and the ratio of ideal selectivity between the adsorption condition and 

desorption condition. The ranking of the AFM was almost the same as that of the 

adiabatic working selectivity and predicted the same best and worst adsorbent. 

However, the similarity could be a coincidence since the magnitude of difference 

in the results by AFM between adsorbents did not correlate with that predicted 

by the adiabatic working selectivity, and the performance of Sorbead® WS by 

AFM was worse than that by the adiabatic working selectivity.   

For bulk CO2 separation from natural gas, developers of the API suggested to 

put more weight on the working selectivity of CO2 and less weight on the ideal 

selectivity [82]. UiO-67 benefited from its large CO2 capacity and was predicted 

to rank the best. 

Table 4.6. Adsorbent performance ranking predicted by the existing indicators, process 

simulation, and the new indicator 

 

 

CO2 
loading at 

feed 
condition 

Ideal 
selectivity 

Isothermal 
working 

selectivity 

Adiabatic 
working 

selectivity 

Rege & 
Yang's 

separation 
parameter 

Notaro’s 
AFM 

Wiersum’s 
API 

Aspen 
Adsorption 

(CH4 
recovery) 

Adiabatic 
column 
working 

selectivity 

HSZ-320HOA 4.415 5.281 3.411 1.073 42.804 2.160 0.852 0.613 0.662 

HSZ-350HUA 3.836 2.514 1.998 0.864 12.013 4.875 0.781 0.585 0.650 

CBV-760 3.361 2.156 1.805 0.874 9.270 3.931 0.586 0.562 0.659 

CBV-780 3.300 2.240 1.896 1.005 10.077 4.208 0.609 0.608 0.723 

HSZ-385HUA 3.200 1.992 1.695 0.971 8.014 4.195 0.565 0.606 0.717 

HSZ-390HUA 3.046 2.064 1.714 0.827 8.488 3.969 0.468 0.570 0.627 

Sorbead® WS 2.248 2.176 1.956 1.404 10.079 4.806 0.355 0.711 0.848 

UiO-66 3.338 1.257 1.046 0.562 3.152 3.119 0.439 0.334 0.484 

UiO-67 5.554 2.418 2.094 1.383 12.159 15.376 2.253 0.567 0.756 
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In summary, based on the results of the traditional indicators without conducting 

simulations, UiO-67 and HSZ-320HOA were recommended as the potential best 

adsorbents from some of the indicators. HSZ-320HOA could benefit from its 

steep CO2 isotherms when the indicators emphasize the competitive selectivity, 

while UiO-67 took the advantage of high CO2 loadings, so ranked in the top place 

in the indicators counting on the working capacity. With the introduction of 

thermal effect, i.e. under adiabatic and not isothermal assumption, the adiabatic 

working selectivity predicted a different rank that emphasized Sorbead® WS.  

4.4.3   Simulations and the new indicator 

The adsorbent ranking predicted by the process simulation via the simulation 

program Aspen Adsorption is shown in Table 4.6 as well. For a rigorous 

simulation, the performance evaluation could be referred to as the statement we 

summarized in Section 2.3.2: on the premise of methane purity reaching the 

product specification, the recovery of methane should be as high as possible. 

The simulations for all selected adsorbents were carried out under the same feed 

gas conditions. Also, the concentration of the light product was set as a process 

specification, which is 95% of CH4. Hence, following the evaluation statement, 

the performance of the adsorbent can be assessed by a single process result, 

the CH4 recovery.  

We acknowledge that the absolute values of CH4 recovery from simulations will 

inevitably deviate from the results of a practical process due to the systematic 

errors, but the relative ranking predicted by a rigorous simulator like Aspen 

Adsorption is typically reliable. On the one hand, an adsorption process 

simulation contains most of the features that a real process has: cyclic operations, 

pressure-driven material flows, mass transfer resistance, fluid mechanics 

governed flow velocity, etc. On the other hand, since all factors in the simulations 

are identical except for the adsorbent changes, the simulator provides an ideal 

environment, where the difference of the results can only be attributed to the 

difference of the adsorbents. Therefore, the performance ranking predicted by 

the Aspen Adsorption was reasonably a referential case to represent the actual 

adsorbent ranking. 



 

 

86 

 

Figure 4.6. Adsorbent performance by indicators studied in this chapter  

The results of our new indicator, adiabatic column working selectivity, are also 

shown in Table 4.6. To enable an intuitive comparison, the adsorbent 

performance in the table are also illustrated in Figure 4.6. The Y-axis of Figure 

4.6 is intentionally hidden and the result of each individual performance indicator 

is rescaled within a range that can be compared with each other. For the result 

of an individual performance indicator, the higher of the datapoint means the 

better performance of the corresponding adsorbent indicated in X-axis. As can 

be seen, the adiabatic column working selectivity agreed very well with the 

results from the rigorous simulations, while none of the other existing indicators 

did.  

Sorbead® WS was suggested to be the preferred adsorbent for this specific 

application by the simulation and the adiabatic column working selectivity. But 

with a quick review of the ranking from other indicators, Sorbead® WS was found 

to have unsatisfactory rankings on most of them, the lowest CO2 equilibrium 

loading, last rank in the API, and unimpressive grades by other indicators, with 

the exception of the adiabatic working selectivity which ranked it first. This 

enormous discrepancy implies that it is a synergistic effect of all key adsorption 

factors which eventually governs the adsorbent’s performance. Without any of 
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the key factors, the prediction of the indicators would be less instructive.  

A horizontal comparison between results of the adiabatic working selectivity and 

the adiabatic column working selectivity reveals the significant effect of involving 

the gas phase loading in the performance indicator. The only difference between 

these two indicators is whether the gas phase loading is considered or not. The 

UiO-67 received a high preference by the adiabatic working selectivity, but when 

the gas phase loading was included, the performance of UiO-67 was predicted 

to drop drastically. The major reason is that the framework structure of MOF is 

loose comparing with zeolites and silica gel. The ultrahigh porosity of MOFs 

greatly enlarges the specific surface area providing the incredibly large 

adsorption capacity, however, at the cost of density of the material. The bulk 

density of UiO-67 used for the calculation was 350 kg/m3, while for zeolites and 

silica gel was 700 kg/m3. The void space percentage per unit volume of the 

adsorption column packed with UiO-67 was much higher than that filled with 

zeolites. More void space implied an increasing amount of feed gas was retained 

in the gas phase and was not able to be selectively adsorbed on the solid and 

separated. Therefore, it is natural that UiO-67 experienced a huge performance 

penalty. This is powerful evidence to support the necessity of including the term 

of the gas-phase loading into the adsorbent performance indicator. 

4.4.4   Limitations of the adiabatic column working selectivity 

Although the adiabatic column working selectivity seems perfectly correlate well 

with rigorous Aspen Adsorption simulations in this work, it does have several 

drawbacks. Firstly, this novel indicator is only effective for equilibrium separation. 

The inter and intra-particle composition and pressure gradients are absent, and 

any kinetic factors are not considered in the calculation. The solid adsorbent in 

the column is regarded to be in thermodynamic equilibrium with the surrounding 

bulk gas phase at any time. Those adsorbents featured as kinetic separation 

adsorbents are not able to be screened by this indicator, for example, the carbon 

molecular sieves (CMS) reported by Rocha et al. [101]. Secondly, because it 

needs to calculate the solid loading at different temperatures, the adsorption 

isotherms at least three temperatures are required, and the isotherms must be 

fitted to a multi-temperature adsorption model. This will somewhat limit the 
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applicability of the indicator since not all adsorbents have complete sets of 

adsorption isotherms data available. Last but not least, the desorption conditions, 

i.e. composition and temperature, are required for the calculation of the column 

loading at desorption condition. It is difficult to get access to these parameters 

without simulations or experiments during the adsorbent screening stage. 

Finding a reliable and rapid method to obtain the desorption conditions for 

screening adsorbents is a fruitful area for further research. 

4.5   Summary 

A new adsorbent performance indicator, adiabatic column working selectivity, 

was defined in this chapter. The new indicator includes the factor of the gas 

phase loading which has been neglected for all other performance indicators. 

The adsorbent evaluation and screening on nine adsorbents were carried out 

using the traditional indicators, rigorous PSA process simulations, as well as the 

newly defined performance indicators. The results show that only the prediction 

by the adiabatic column working selectivity can perfectly match the screening 

results of the rigorous process simulations. It proves the feasibility of the newly 

defined performance indicator, and also implies the importance of the effect of 

the gas phase loading in an adsorption process, especially for high-pressure 

applications like CO2 removal from natural gas.  
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SIMPLIFIED SIMULATION MODELS TO OBTAIN PROCESS 

INFORMATION IN THE DESORPTION STEP IN PSA 

In the last chapter, we defined a novel adsorbent performance indicator, the 

adiabatic column working selectivity. The evaluation results of the novel indicator 

on the adsorbents we characterized in Chapter 3 agreed with the rigorous 

simulation results, while other existing adsorbent performance indicators 

developed under different considerations were not able to predict similar results. 

The adiabatic column working selectivity offered an opportunity to screen and 

evaluate adsorbents using a single and simple indicator without conducting 

extensive experiments or simulations. 

Two adsorption process parameters, the temperature and gas-phase 

composition at the end of the desorption condition, are required to calculate the 

working capacity between the adsorption and desorption steps. However, neither 

of these two parameters is accessible without the help of simulations or 

experiments. It is like a cycle: to evaluate the adsorbents without conducting 

practical process experiments, we need to employ the adiabatic column working 

selectivity; but to apply this indicator, we again turn to the process trials to acquire 

the key parameters. To break this loop requires a simplified method instead of 

rigorous simulations or experiments to estimate the temperature and gas 

composition at the desorption step. 

We in this work develop a 3-step PSA model based on an earlier work from our 

research group by Maring and Webley [102]. This new 3-step PSA model is then 

applied as the fundamental method for a 5-step PSA model which includes the 

exclusive feature of high-pressure PSA process, the pressure equalization steps. 

Both simplified models are aimed at finding the desorption conditions of the PSA 

process.  

5.1   Model development and validation 

5.1.1   3-step PSA model 

The concept of this simplified model is straightforward. As shown in Figure 5.1, 

it consists of three steps: first, desorption at an initial condition from the highest 
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pressure 𝑃𝐻 to the desorption pressure 𝑃𝐿; then re-pressurisation with the feed 

stream to increase the bed pressure to feed pressure 𝑃𝐻; and finally collecting 

the raffinate product at feed pressure with a continuous feed stream until the bed 

returns to the initial condition.    

 

Figure 5.1. Schematic of the 3-step PSA cycle applied in the simplified model. BD – 

Blowdown; RP – Re-pressurization; F&AD – Feed & adsorption. 

Several key assumptions for developing this simplified 3-step PSA model are as 

follows: 

• A cyclic steady state is a default situation. The end condition of the feed 

& adsorption step is forced to be identical to the initial condition of the 

blowdown step.   

• The adsorption column is always well-mixed, so that there are no radial 

nor axial thermal, composition, nor pressure gradients within the bed. The 

outlet stream has the same composition as the bed composition, except 

the top product at the adsorption step is assumed to be a desired 

concentration, 95 mol% of CH4 in this work. 

• Perfect adiabatic condition is assumed for the column wall. No heat 

transfer with the surrounding environment. 

• The specific heat capacity of the gas phase and the adsorbed phase is 

negligible. They are in thermal equilibrium with the adsorbent at any time 

with negligible heat transfer resistance. 

RP

Time

F&
AD

Feed

Top Product

(2) (3)(1)

BD

Bottom Product RP
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• Mass transfer resistances are negligible as well. The component in the 

gas phase is in chemical equilibrium with the adsorbed phase 

instantaneously. The adsorption separation simulated by the simplified 

model is a complete equilibrium separation.  

• The state of the gas phase is governed by the ideal gas law. 

The assumption of a well-mixed bed makes the adsorption column for this model 

become a “point” without any inner profiles to allow concentration or temperature 

gradients within the column. This is a bold assumption that will overlook a variety 

of adsorption features. But considering all the performance indicators we applied 

in the last chapter are calculated under the same assumption, it instead becomes 

a good simplification that can avoid most of the complicated calculations in an 

adsorption simulation model.  

For the feed & adsorption step, there are two ways to define the concentration of 

the top product. Maring in the original work assumed that during the adsorption 

step, a perfectly flat concentration frontier, dividing the residual gas composition 

from the re-pressurisation step and the new gas entering via the feed stream, 

propagated through the bed until breakthrough happened [102]. This was a 

relatively conservative assumption. Since the top product was of less importance 

in the application of CO2/N2 separation as we discussed before, the quality of the 

top product was not a concern. The other way was to set the composition of the 

top product to a desired value of, in our case, 95 mol% of CH4. Because the 

simplified model only contained 3 steps without any sophisticated process 

designs, it was usually hard to achieve a top product with high purity. This 

assumption forced the adsorption bed to extract a high-quality top product until 

the breakthrough, therefore, providing an opportunity of horizontal comparison 

between a simplified model and a rigorous model. The drawback of this 

assumption is the stream flowrate could be sometimes determined as an 

unexpected negative value restricted by the law of mass conservation. In such a 

case, the mild assumption should be applied. Nevertheless, these two options 

do not affect the calculation results of the desorption step, as our main objective 

is to obtain the temperature and bed composition at the end of the desorption 

step, not the adsorption step. 
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The simulations by the simplified model were run step-wise, and for each major 

step described in Figure 5.1, further sub-steps were defined based on the 

pressure change interval. For instance, if the pressure change in the blowdown 

step was from 𝑃𝐻 to 𝑃𝐿, then the sub-step within the blow-down step could be 

defined as a step with pressure change of 
𝑃𝐻−𝑃𝐿

100
. Hence, the blow-down step 

would be finished in 100 steps of calculation. 

For each of the sub-steps, mass balance and energy balance equations were 

used to describe the behaviour of the equilibrium adsorption within the column. 

By solving these equations, the key process parameters, such as temperature, 

pressure, bed composition in the gas phase, and the inlet/outlet flowrate could 

be determined.  

The total amount of one component in the column is divided into two groups, the 

adsorbed group and the group in the gas phase, which is calculated as in 

Equation 5.1.  

𝑛𝑖,𝑐𝑜𝑙𝑢𝑚𝑛 = 𝑛𝑖,𝑠𝑜𝑙𝑖𝑑 + 𝑛𝑖,𝑔𝑎𝑠 Equation 5.1 

The solid loading term, 𝑛𝑖,𝑠𝑜𝑙𝑖𝑑, could be determined by any available adsorption 

isotherm model. In this work, the extended Langmuir model was used to keep 

the consistency with the simulations we conducted in Chapter 3 and 4.  

The gaseous term, 𝑛𝑖,𝑔𝑎𝑠, was calculated by the ideal gas law. To ensure that the 

solid term and gas term are additive, they must be evaluated on the same basis. 

To simplify the calculations and ensure comparable results among different 

materials, we set the mass of adsorbent to be 1 kg for all conducted simulations. 

The volume of the column was then determined according to the bulk density of 

the selected adsorbent. Thus, the bulk density (𝜌𝑏𝑢𝑙𝑘) of the adsorbent and the 

voidage (𝜀) of the column were required for the calculation of the gaseous term 

as in Equation 4.3. With the availability of the total amount in the column, the 

overall mass balance around the column for each calculation step was then given 

by Equation 5.2. The superscript “𝑓” and “0” denote the final and initial states of 

the column, and the subscript “𝑖𝑛” and “𝑜𝑢𝑡” refer to the inlet and outlet stream. 

𝐹 is the molar flowrate. 
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𝑛𝑖,𝑐𝑜𝑙𝑢𝑚𝑛
𝑓

− 𝑛𝑖,𝑐𝑜𝑙𝑢𝑚𝑛
0 = 𝐹𝑖𝑛𝑦𝑖,𝑖𝑛 − 𝐹𝑜𝑢𝑡𝑦𝑖,𝑜𝑢𝑡 Equation 5.2 

The energy balance of the step could be determined solely by the heat of 

adsorption caused by the change of adsorption amount as shown in Equation 

5.3. Since the heat capacity of the gas phase was assumed to be negligible, the 

enthalpy brought in/removed by the inlet/outlet gas stream were not considered 

in this model. The mass of adsorbent (𝑚𝑆) was set to be 1 kg as stated before. 

The specific heat capacity of the adsorbent (𝑐𝑃,𝑆) in [𝐽 𝑘𝑔−1 𝐾−1] was required to 

be specified before the simulation. The isosteric heat of adsorption was 

calculated based on the Clausius-Clapeyron equation which was also used in 

Chapter 3 (Equation 3.6).  

𝑚𝑆𝑐𝑃,𝑆(𝑇𝑓 − 𝑇0) = ∑ Δ𝐻𝑖,𝑠𝑡(𝑛𝑖,𝑠𝑜𝑙𝑖𝑑
𝑓

− 𝑛𝑖,𝑠𝑜𝑙𝑖𝑑
0 )

𝑖

 
Equation 5.3 

For each major step in the cycle, the corresponding equations and the solution 

procedure were slightly different. The details of each step are provided in the 

following sections solved by the programming tool, MATLAB (The Mathworks 

Inc., USA). 

The initial state was that the gas phase in the column was identical to the feed 

stream while the adsorbed phase was in equilibrium with the feed composition. 

In the actual PSA process, the temperature of the bed after the adsorption step 

is higher than the feed stream because of the heat of adsorption. The bed 

composition is also higher than the feed composition due to the axial composition 

gradient: at the top end of the column, the gas composition is close to the product 

composition, while at the bottom end of the column, it is close to the feed 

composition. Nonetheless, the fully saturated with feed composition at the 

beginning of the blowdown step is still a reasonable assumption as the final state 

can return to the same state by sacrificing the quality of the top product. What is 

more important is that all these conditions were available a priori without running 

simulations, and the same conditions were also used in the calculation of other 

performance indicators. 

As mentioned before, the major step was solved incrementally by dividing the 

total pressure change into a discrete number of sub-steps. Therefore, the 
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pressure for each sub-step was available as a pre-set value. Due to the 

assumption of instantaneous equilibrium and no transfer resistance, the time 

needed to achieve the desired pressure change was not considered in this model. 

Material and energy balance equation sets for one sub-step are listed in Equation 

5.4. They were solved simultaneously at the 𝑘 step by taking the solution of the 

(𝑘 − 1) step as known variables. The unknown variables of this equation set are 

the gas composition 𝑦𝑖
𝑘, the bed temperature 𝑇𝑘, and the outlet stream flowrate 

𝐹𝐵𝐷
𝑘 . Given that the number of the equation is equal to the number of unknown 

variables, the sub-step is a complementary problem with a unique solution. The 

total amount the blowdown extraction stream 𝐹𝐵𝐷 is obtained by taking a sum of 

the all solved sub-step 𝐹𝐵𝐷
𝑘  values. 

  

𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛
𝑘 − 𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛

𝑘−1 = 0 − 𝐹𝐵𝐷
𝑘 𝑦𝐶𝐻4

𝑘  

𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛
𝑘 − 𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛

𝑘−1 = 0 − 𝐹𝐵𝐷
𝑘 𝑦𝐶𝑂2

𝑘  

𝑚𝑆𝑐𝑃,𝑆(𝑇𝑘 − 𝑇𝑘−1) = ∑ Δ𝐻𝑖,𝑠𝑡
𝑘−1(𝑛𝑖,𝑠𝑜𝑙𝑖𝑑

𝑘 − 𝑛𝑖,𝑠𝑜𝑙𝑖𝑑
𝑘−1 )

𝑖

 

Equation 5.4 

The process conditions at the desorption step were then accessible when all the 

sub-steps of the blowdown step were solved. The simulation could have halted 

here if the purpose of the model were only for determining the desorption 

conditions. However, because we needed to verify the simplified model by 

comparing the results with a rigorous simulation model, it was essential to 

complete the further re-pressurisation and adsorption steps. 

In terms of the column operation, the re-pressurisation step just reversed what 

had been done to the adsorption bed in the blowdown step. The pressure in the 

column increased from the desorption pressure to the pressure of the feed 

stream. The same discretization method of the pressure as in the blowdown strep 

could be carried out. The equations of material and energy balance for the re-

pressurisation step are listed in Equation 5.5. The initial conditions were retrieved 

from the final solution from the blowdown step. The composition of the feed 

stream 𝑦𝑖
𝑓𝑒𝑒𝑑

 is a known variable by pre-set value. For each of the sub-step, the 
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unknown variables are the gas composition at 𝑘 step 𝑦𝑖
𝑘, the bed temperature 

𝑇𝑘  and the flowrate of the feed stream 𝐹𝑅𝑃
𝑘 . This is again a complementary 

problem with a unique solution. The total amount of the re-pressurisation stream 

is then the summation of all 𝐹𝑅𝑃
𝑘  of the sub-steps.  

𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛
𝑘 − 𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛

𝑘−1 = 𝐹𝑅𝑃
𝑘 𝑦𝐶𝐻4

𝑓𝑒𝑒𝑑
− 0 

𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛
𝑘 − 𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛

𝑘−1 = 𝐹𝑅𝑃
𝑘 𝑦𝐶𝑂2

𝑓𝑒𝑒𝑑
− 0 

𝑚𝑆𝑐𝑃,𝑆(𝑇𝑘 − 𝑇𝑘−1) = ∑ Δ𝐻𝑖,𝑠𝑡
𝑘−1(𝑛𝑖,𝑠𝑜𝑙𝑖𝑑

𝑘 − 𝑛𝑖,𝑠𝑜𝑙𝑖𝑑
𝑘−1 )

𝑖

 

Equation 5.5 

The adsorption step in this simplified model is different from the other two steps. 

It was operated isobarically with definite start and final conditions: the start 

conditions were determined by the calculation of the re-pressurisation step; the 

final conditions were fully-saturated with feed stream by assumptions, which 

were also the overall initial conditions of the PSA cycle. As both start and end 

states were known, the amount of the feed required and the top product obtained 

in this step were the only variables to be solved. Mass balance equations are 

listed in Equation 5.6. In the equations, feed stream flow amount 𝐹𝐹𝐷 and the top 

product flow amount 𝐹𝑇𝑃 are the unknown variables to be solved. 

𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛
𝑓

− 𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛
0 = 𝐹𝐹𝐷𝑦𝐶𝐻4

𝑓𝑒𝑒𝑑
− 𝐹𝑇𝑃𝑦𝐶𝐻4

𝑡𝑜𝑝
 

𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛
𝑓

− 𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛
0 = 𝐹𝐹𝐷𝑦𝐶𝑂2

𝑓𝑒𝑒𝑑
− 𝐹𝑇𝑃𝑦𝐶𝑂2

𝑡𝑜𝑝
 

Equation 5.6 

Upon finishing the calculation of the adsorption step, all significant process 

parameters (temperatures, pressures, compositions) of the PSA process have 

been determined. Our first objective of this simplified model, fetching the 

temperature and composition at the desorption steps, was also accomplished. 

The results could be directly used in the adiabatic column working selectivity, the 

novel adsorbent performance indicator we proposed in the last chapter (Equation 

5.7). 

𝛽𝑐𝑜𝑙𝑢𝑚𝑛 =
𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛(𝑃𝑎𝑑 , 𝑇𝑎𝑑 , 𝑦𝐶𝑂2,𝑎𝑑) − 𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛(𝑃𝑑𝑒 , 𝑇𝑑𝑒 , 𝑦𝐶𝑂2,𝑑𝑒)

𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛(𝑃𝑎𝑑, 𝑇𝑎𝑑 , 𝑦𝐶𝐻4,𝑎𝑑) − 𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛(𝑃𝑑𝑒 , 𝑇𝑑𝑒 , 𝑦𝐶𝐻4,𝑑𝑒)
 Equation 5.7 
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In addition, as all process variables of the PSA process were accessible with this 

simplified model, the regular performance evaluation method could be employed 

similarly as the rigorous simulation. The purity of the raffinate product from the 

simplified model was specified to be 95 mol% of CH4. Hence, it was possible to 

assess the performance of the adsorbent with a single parameter, the recovery 

of the light component CH4. The recovery of CH4 was defined as the amount of 

recovered CH4 in the top product compared with the total feed CH4 in the feed 

stream and the re-pressurisation stream (Equation 5.8). 

Recovery 𝑜𝑓 𝐶𝐻4 =
𝐹𝑇𝑃 ∙ 𝑦𝐶𝐻4

𝑡𝑜𝑝

(𝐹𝑅𝑃 + 𝐹𝐹𝐷) ∙ 𝑦𝐶𝐻4

𝑓𝑒𝑒𝑑
 Equation 5.8 

It is emphasised that the simplified model we developed here is not to provide 

quantitative agreement with the rigorous simulations and practical experiments. 

It aims to be able to replicate trends and relative rankings among different 

adsorbents, and what is important is to provide a rapid and reliable way to 

acquire the desorption information for the adsorbent screening. 

To validate the ability of the model to mimic the desorption conditions,  we made 

a comparison with an adiabatic equilibrium model developed by Kumar to study 

the blowdown step of the PSA process [103]. In this reference, an adsorption 

column filled with BPL activated carbon was saturated with equimolar CO2/N2 

gas mixture at an initial pressure of 15 bar. The pressure in the column was then 

released to a lower level of 1 bar. The changing of the bed composition and the 

temperature in the column were recorded to study the blowdown step in the PSA 

cycle operation. Using the column parameters, adsorption properties of the 

adsorbent, and the stream information available in the literature, we were able to 

repeat the same blowdown step by the simplified model we developed. The 

resulting bed composition and temperature by the model and from the literature 

are shown in Figure 5.2, and both profiles showed perfect matches as the 

pressure in the bed decreased to the lowest level. This is strong evidence that 

proves the validity of the simplified model we developed in this work for the case 

in which no profiles are present in the bed. 
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Figure 5.2. Comparison between the results from literature and the simplified model 

developed in this work 

5.1.2   5-step PSA model 

A 5-step PSA model including the pressure equalization steps was developed 

based on the 3-step model as shown in Figure 5.3. The role of the pressure 

equalization step is critical to practical PSA processes. In Chapter 4, we have 

demonstrated how the adsorbates remaining in the gas phase could significantly 

decrease the overall selectivity of the adsorbent at high pressure. To avoid such 

performance loss in practical processes, the method of pressure equalization is 

generally applied to reduce the total amount of the gas molecules in the 

adsorption column through decreasing the pressure before the desorption step 

in practical adsorption application [84]. The results proved that the pressure 

equalization step could effectively enhance the recovery of the light product and 

the purity of the heavy product, at a cost of lowering the throughput per column 

and increased capital investment for the extra columns and control 

instrumentations. For the industrial applications when the benefits gained from 

increasing the recovery of precious compounds exceed other cost 

considerations, such as H2 purification and natural sweetening, pressure 

equalizations are commonly used. Therefore, it is necessary to include the 

pressure equalization into our model to examine its influence.   
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Figure 5.3. Schematic of the 5-step PSA cycle applied in the advanced model. PPE – 

Providing pressure equalization; BD – Blowdown; RPE – Receiving pressure equalization; 
RP – Re-pressurization; F&AD – Feed & adsorption. 

The 5-step model was built on the same assumptions of the 3-step model. The 

calculation procedures of the individual major step followed the same principle 

of discretising the total pressure change into many sub-steps and solving the 

mass balance and energy balance equation set of each sub-step. 

The introduction of the pressure equalization steps did add complexity for solving 

the whole process. The ultimate target of this model was to find the desorption 

conditions, which implied the initial conditions of step 3, i.e. receiving pressure 

equalization step, were unspecified. Without the presence of the initial conditions 

of step 3, the bed interaction behaviour between step 1 and step 3 was 

impossible to resolve as well. This further made initial conditions of the blowdown 

step unattainable, and consequently so were the desorption conditions. An 

iteration process as shown in Figure 5.4 was employed to simultaneously solve 

steps 1 to 3. 

The conditions at the end of the blowdown step as well as the start of the 

receiving pressure equalization steps were guessed initially. The pressure 

equalization interaction between step 1 and step 3 then can be solved 

simultaneously by carrying out mass balances and energy balances over the 

individual adsorption column. The bed pressure of step 1 was set to be 

PPE RPE RPBD

Time

Bottom Product Re-pressurization

F&
AD

Feed

Top Product

(1) (2) (3) (4) (5)
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decreasing step-wise. As the overall pressure change was an unknown value, 

the length of the pressure changing step was manually adjusted to an arbitrary 

size of 0.3 bar to ensure the total number of the steps was approximately 100. 

Smaller step sizes could enhance the accuracy of the iterative calculation, but 

CPU-hour required would increase exponentially. The pressure rises of the 

adsorption bed of step 3 was not pre-specified by discretization but determined 

by working out the mass balance equations.  

𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛 1
𝑘 − 𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛 1

𝑘−1 = 0 − 𝐹𝑃𝐸
𝑘 𝑦𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛 1

𝑘  

𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛 1
𝑘 − 𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛 1

𝑘−1 = 0 − 𝐹𝑃𝐸
𝑘 𝑦𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛 1

𝑘  

𝑚𝑆𝑐𝑃,𝑆(𝑇𝑐𝑜𝑙𝑢𝑚𝑛 1
𝑘 − 𝑇𝑐𝑜𝑙𝑢𝑚𝑛 1

𝑘−1 ) = ∑ Δ𝐻𝑖,𝑠𝑡
𝑘−1(𝑛𝑖,𝑠𝑜𝑙𝑖𝑑 1

𝑘 − 𝑛𝑖,𝑠𝑜𝑙𝑖𝑑 1
𝑘−1 )

𝑖

 

𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛 3
𝑘 − 𝑛𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛 3

𝑘−1 = 𝐹𝑃𝐸
𝑘 𝑦𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛 1

𝑘 − 0 

𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛 3
𝑘 − 𝑛𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛 3

𝑘−1 = 𝐹𝑃𝐸
𝑘 𝑦𝐶𝑂2,𝑐𝑜𝑙𝑢𝑚𝑛 1

𝑘 − 0 

𝑚𝑆𝑐𝑃,𝑆(𝑇𝑐𝑜𝑙𝑢𝑚𝑛 3
𝑘 − 𝑇𝑐𝑜𝑙𝑢𝑚𝑛 3

𝑘−1 ) = ∑ Δ𝐻𝑖,𝑠𝑡
𝑘−1(𝑛𝑖,𝑠𝑜𝑙𝑖𝑑 3

𝑘 − 𝑛𝑖,𝑠𝑜𝑙𝑖𝑑 3
𝑘−1 )

𝑖

 

Equation 5.9 
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Figure 5.4. Flow chart of the iteration process for the pressure equalization steps and 

the blowdown step in the 5-step PSA model 

Start iteration

Initial guess 
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The mass and energy balance equations for one sub-step of the pressure 

equalization steps are listed in Equation 5.9. The six variables to be determined 

by these six equations were the bed temperature of step 1 and 3 (𝑇𝑐𝑜𝑙𝑢𝑚𝑛 1
𝑘  and 

𝑇𝑐𝑜𝑙𝑢𝑚𝑛 3
𝑘 ), the bed composition of step 1 and step 3 ( 𝑦𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛 1

𝑘  and 

𝑦𝐶𝐻4,𝑐𝑜𝑙𝑢𝑚𝑛 3
𝑘 ), the pressure of step 3 ( 𝑃𝑐𝑜𝑙𝑢𝑚𝑛 3

𝑘 ) and the interaction stream 

flowrate (𝐹𝑃𝐸
𝑘 ). As the pressure of the column in step 1 (𝑃𝑐𝑜𝑙𝑢𝑚𝑛 1

𝑘 ) reduced step-

wise to a level lower than the calculated pressure of step 3 (𝑃𝑐𝑜𝑙𝑢𝑚𝑛 3
𝑘 ), the 

pressure equalization between two beds was reached, and the solutions of the 

sub-step just before the pressure crossover occurred were recorded temporarily 

as the end conditions of steps 1 and 3. 

The starting conditions of the blowdown step were then adapted as the end 

condition of step 1, and the same method as described in Section Error! R

eference source not found.was used to determine the desorption conditions. 

However, considering this result was acquired by utilizing the initial guess of the 

desorption condition at the very beginning of the procedure, a verification must 

be done to check if the calculated solution converged to the initial guess. If they 

deviated from each other, the calculated solution would be used as a new initial 

guess for the next round of procedure to re-calculate the pressure equalization 

steps and the blowdown step. Once an agreement between the initial guess and 

the calculated solution was achieved within a pre-set tolerance, all solutions of 

the calculation for pressure equalization steps and the blowdown step were 

recorded as the final acceptable results. 

The re-pressurization step and the adsorption step were then solved in the same 

way as the 3-step PSA model to accomplish the whole calculation procedure of 

the 5-step PSA model. 

5.2   Materials and methods 

To check the feasibility of the newly developed simplified models in terms of 

screening and evaluating adsorbents, those adsorbents used in Chapter 4, i.e. 

HSZ-320HOA, HSZ-350HUA, HSZ-385HUA, HSZ-390HUA, CBV-760, CBV-780, 

Sorbead® WS, UiO-66 and UiO-67, were employed in this chapter as well. Their 

pure component adsorption isotherms were modeled by the single-site Langmuir 
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model (Equation 2.3), and the mixture adsorption behaviour was then described 

by the extended Langmuir model (Equation 2.7). The fitting parameters of the 

Langmuir adsorption model for all selected materials are available in Table 4.4. 

To compare the results between the simplified model and the rigorous model, 

the same process parameters, such as feed composition, pressure, temperature, 

desorption pressure and product specification, were applied as what we had 

simulated in Chapter 3 and Chapter 4. The detailed configuration of the 

simulation can be found in Section 3.2.4 and Section 4.3.3. 

5.3   Results and discussion 

5.3.1   Process parameters in the desorption steps  

The temperature and bed composition at the end of the desorption steps by 

Aspen Adsorption for all selected adsorbents are listed in Table 5.1. 

Table 5.1. Temperature and bed composition at desorption steps by Aspen 

Adsorption 

Adsorbent 
Desorption 

Temperature 
(K) 

Bed 
Composition 
(CH4 mol%) 

HSZ-320HOA 281.93 35.25 

HSZ-350HUA 274.87 36.75 

CBV-760 275.25 36.69 

CBV-780 276.54 31.48 

HSZ-385HUA 276.44 32.60 

HSZ-390HUA 275.60 37.90 

Sorbead® WS 283.37 21.10 

UiO-66 271.75 53.30 

UiO-67 266.69 35.78 

 

The desorption temperature and the bed composition obtained by the simplified 

models were compared with the results from the rigorous model, illustrated in 

Figure 5.5 and Figure 5.6.  
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Figure 5.5. Bed temperature at the end of the desorption step 

 

Figure 5.6. Bed composition of CH4 at the end of the desorption step 

It is interesting to observe that both key process parameters obtained by the 3-

step model and the 5-step model are almost identical. It is largely due to the 

assumption of well-mixed in the adsorption column. In the 5-step model, the 

combined effect of the providing pressure equalization step (Step 1) and the 
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blowdown step (Step 2) is that the pressure in the adsorption bed decreases 

from the feed pressure to the desorption pressure. Because there is no difference 

between the outlet stream exits from the adsorption column from the top port or 

the bottom port since no composition and temperature gradients are present, a 

fixed amount of pressure drop from the feed level to the desorption level will have 

the same impact in the both 5-step and 3-step model. Hence, the desorption 

temperature and the composition from both simplified models are identical. 

However, as in the rigorous model the composition gradient plays an important 

role in the separations, pressure decreasing via different routes does lead to the 

variation of the process parameters. And this variation could be a major reason 

for the deviation of the results from the simplified model and the rigorous model 

as shown in the figures. Although the assumption of a well-mixed bed causes us 

to miss some key adsorption features, it allows us to obtain the same results 

using a simpler model (3-step) instead of a complicated model (5-step) to further 

save the computation time. 

The desorption temperatures predicted by the simplified model are all lower than 

those obtained by the rigorous model. This is partially due to the negligence of 

the heat capacity of the gas component as well as the adsorbed phase due to 

the assumption of the simplified model. The results from the simplified model are 

still reasonable within 10% of the rigorous model. The deviation for UiO-67 and 

Sorbead® WS of the bed composition at the end of the desorption step between 

the two methods is larger than 10%, while others are in relatively good 

agreements. 

Nevertheless, as we stated before, the simplified models are not intended to 

reach a perfect quantitative agreement with the rigorous model. The relative 

ranking between adsorbents in terms of the adsorption performance is more 

significant. 

5.3.2   Adiabatic column working selectivity 

With the properties of the feed stream as well as the temperature and bed 

composition at the desorption step, the adiabatic column working selectivity of 

each selected adsorbent are calculated and listed in Table 5.2. The CH4 recovery 

from the simulations by Aspen Adsorption in the last column can be regarded as 
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the actual performance of the adsorbents. The performance evaluated by other 

methods should be compared with these results. We format the table in the same 

pattern as Table 4.6. The maximal numbers of one indicator are shaded as navy 

blue and the minimal numbers are shaded as red, while the median is left without 

shading. Other numbers between the maximum, minimum, and median are 

coloured proportionally. 

Table 5.2. Adiabatic column working selectivity calculated using desorption conditions 

from different methods 

Adsorbent 

Adiabatic column working selectivity 

CH4 recovery 
from 

 Aspen 
Adsorption* 

Arbitrarily 
guessed 

conditions in 
Chapter 4  

Desorption 
conditions from 

3-step model 

Desorption 
conditions from 

5-step model 

HSZ-320HOA 0.662 0.636 0.632 0.613 

HSZ-350HUA 0.650 0.606 0.602 0.585 

CBV-760 0.659 0.587 0.584 0.562 

CBV-780 0.723 0.624 0.620 0.608 

HSZ-385HUA 0.717 0.617 0.613 0.606 

HSZ-390HUA 0.627 0.596 0.593 0.570 

Sorbead® WS 0.848 0.776 0.772 0.711 

UiO-66 0.484 0.482 0.481 0.334 

UiO-67 0.756 0.585 0.582 0.567 

* Process simulation’s configuration are described in Table 4.3.  

The first column of the table is the adiabatic column working selectivity calculated 

using the arbitrary guessed desorption conditions, which are 273 K and 20 mol% 

of CH4. In Chapter 4, we have compared these results with other adsorbent 

performance indicators (Table 4.6), and it displayed that only the adiabatic 

column working selectivity could successfully predict the best and the worst 

adsorbents. 

The comparison between the presumed conditions and the actual desorption 

conditions obtained by the rigorous model are demonstrated in Figure 5.5 and 

Figure 5.6. The deviations were large, especially for the case of the bed 

composition. But still, the novel performance indicator could predict a rough rank 

among the selected adsorbents under such conditions. It might be because the 

difference between selected adsorbents were so large that the performance 

divergence exceeded the impact of the error induced by the uncorrected 
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desorption conditions. 

When the desorption conditions are obtained by simplified models, the adiabatic 

column working selectivity can perfectly predict the performance ranking as the 

rigorous model did. As can be seen that not only the best and the worst 

adsorbents whose structures are largely different can be ranked correctly, those 

zeolites with similar adsorption properties can also be assigned to the corrected 

ranking. This result proved the feasibility of the simplified model as the method 

of acquiring the temperature and the bed composition at the desorption step. It 

is also a strong supporter of the validity of the adiabatic column working 

selectivity as an adsorbent screening tool. 

5.3.3   CH4 recovery directly obtained from the simplified model 

As the simplified models have determined all key process parameters during the 

calculation process, the recovery of CH4 of the adsorption process can be directly 

calculated via Equation 5.8, and the results are listed in Table 5.3. 

The relative order of the CH4 recovery by both simplified models match the 

ranking obtained by the Aspen Adsorption simulation. This result means that the 

simplified models are capable to screen multiple adsorbents without employing 

other performance indicators. Besides, it is observed that the CH4 recovery is in 

an increasing trend from the 3-step model, 5-step model to the Aspen Adsorption 

simulation which is a 9-step model with three pressure equalization steps. This 

is as expected that with more pressure equalization steps in the process, the 

recovery of the CH4 can be enhanced in this application.     

Table 5.3. CH4 recovery obtained by different simulation models 

Adsorbent 

CH4 recovery 

3-step model 5-step model 
Aspen 

adsorption* 

HSZ-320HOA 35.38% 52.11% 61.30% 

HSZ-350HUA 31.95% 47.39% 58.52% 

CBV-760 29.38% 44.47% 56.20% 

CBV-780 33.90% 50.32% 60.84% 

HSZ-385HUA 33.66% 49.92% 60.58% 

HSZ-390HUA 30.62% 45.54% 57.04% 

Sorbead® WS 47.90% 65.74% 71.12% 

UiO-66 12.21% 20.38% 33.43% 

UiO-67 29.02% 42.96% 56.74% 

* Process simulation’s configuration are described in Table 4.3.  
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It is worth noting that the relative performance trends obtained by the calculation 

of adiabatic column working selectivity are as same as the ranking of the CH4 

recovery. It is important to note that the calculation method of the CH4 recovery 

and the adiabatic column working selectivity are completely different from each 

other. The CH4 recovery is determined by process variables, such as the flowrate 

and the average concentration of the feed and product streams, while the 

adiabatic column working selectivity is mostly based on the material adsorption 

properties, namely the adsorption isotherms, with a few process conditions. Their 

consistent adsorbent screening results implies that the adiabatic column working 

selectivity does capture the essential features of the adsorption process.  

It is well known from previous work that changing the adsorption isotherms of the 

adsorbents could affect the performance of the adsorption process. The exact 

relationship between the adsorption isotherms and the process performance, 

however, were not clear. The ideal selectivity, working selectivity, and various 

lumped indicators were actual attempts by researchers trying to describe the 

connection between the adsorbent properties with the process performance. But 

their results, more or less, deviated from the rigorous simulation results as we 

have shown in Chapter 4. To the best knowledge of the author, the adiabatic 

column working selectivity proposed in this work is the first adsorbent 

performance indicator that can precisely predict a same ranking as the results of 

rigorous process simulations.  

5.4   Summary 

In this chapter, to resolve the issue of finding the appropriate desorption 

temperature and bed composition encountered when applying the adiabatic 

column working selectivity to screen adsorbents, two simplified simulation 

models were developed. Both models were under the same assumptions which 

allowed one to carry out the adsorption process without considering the 

concentration and temperature gradient within the adsorption bed. Although the 

desorption temperature and the bed composition determined by the simplified 

model slightly deviated from the rigorous model, the subsequent calculation of 

the adiabatic column working selectivity using the model derived desorption 

information could perfectly match the results of the rigorous model. Besides, the 
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simplified models themselves could directly determine the adsorbent 

performance ranking without employing any other performance indicators. And 

the fact that the adiabatic column working selectivity had the same trend of the 

process performance variables, such as the recovery of one component, proved 

that the novel proposed performance indicator could act as a fairly reliable 

connection between the material property and the process variables.  
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CO2 CAPTURE FROM NATURAL GAS BY PRESSURE SWING 

ADSORPTION AT THE CO2CRC OTWAY DEMONSTRATION 

CARBON CAPTURE PLANT 

In previous chapters, for the aim of removing CO2 from natural gas at pressure 

by adsorption technology, we have characterized seven potential adsorbents 

(zeolites and silica gel). Then, we employed a novel adsorbent performance 

indicator, as well as newly developed simplified simulation models, to evaluate 

the measured adsorbent performance under specific working conditions, and 

found that compared with the zeolites, the silica gel, Sorbead® WS with linear 

isotherms and lower adsorption capacities, was the best candidate for the 

application of CO2 removal from natural gas. In this chapter, we report on the 

application of Sorbead® WS to a demonstration adsorption plant as the 

adsorbent for experimental operations of removing CO2 from the high-pressure 

natural gas mixture. The actual process results are compared to the simulation 

models.  

6.1   Experiments, Materials and Methods 

6.1.1   CO2CRC Otway CO2 capture rig and PSA apparatus 

The CO2 and methane mixtures produced by the geological structures 

underground at the Otway Basin, Victoria is a suitable mixture gas source for 

long term testing of different natural gas sweetening processes at scale, due to 

the large amount of available gas (over 400,000 tonnes). The gas available from 

the well at the Otway site contains approximately 79%CO2 and 21% CH4 with 

trace quantities of higher hydrocarbons. CO2CRC Ltd., an Australia's leading 

carbon capture and storage (CCS) research organisation, has established a CO2 

capture rig at its Otway National Research Facility using the local stored gas to 

demonstrate CO2 capture from natural gas using adsorption and membrane 

technologies. In addition to directly using the geologically trapped gas, a gas 

mixing and feeding system with deliberate designs can blend gases such as CO2 

and natural gas from cylinders into the extraction gas from underground, so that 

it can provide a feed gas to the capture rig with any compositions of CO2 
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balanced with methane and other impurities like heavy hydrocarbons, N2 and 

H2S, spanning the range of most naturally occurring natural gas wells. It is helpful 

to examine the flexibility and applicability of specific adsorbents and designs of 

the PSA process to various gas sources in different applications. Figure 6.2 

displays a general appearance of the CO2 capture rig. Most of the auxiliary 

instrumentals observed in the picture belong to the feed control system.  

 

Figure 6.1. Location of the CO2CRC Otway Research Facility. Retrieved from 

http://www.co2crc.com.au/wp-content/uploads/2017/05/C02CRC_Map-and-diagrams-1-
003.jpg, 10th May, 2020 

http://www.co2crc.com.au/wp-content/uploads/2017/05/C02CRC_Map-and-diagrams-1-003.jpg
http://www.co2crc.com.au/wp-content/uploads/2017/05/C02CRC_Map-and-diagrams-1-003.jpg
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Figure 6.2. A general appearance of CO2CRC’s Otway CO2 capture rig. Retrieved from 

http://www.co2crc.com.au/wp-content/uploads/2016/10/TH_20161011_362.jpg, 10th May, 
2020 

The adsorption section of the capture rig has a two-bed PSA arrangement. A 

picture and process flow scheme of the PSA section is shown in Figure 6.3. Due 

to the limitation of the footage and the complexity of the design, both of the 

adsorption beds are connected to a buffer tank (not shown in the photo) to enable 

sophisticated adsorption cycle designs to be executed by using fewer numbers 

of adsorption columns. In addition, the adsorption columns are covered by 

heating jackets along with the insulation materials. The purpose of these 

heatproof measures is to maintain a relatively stable operation condition of the 

adsorption column considering the CO2 capture rig is installed outdoors. 

However, it makes the PSA process close to an isothermal process instead of a 

more practical adiabatic process in industrial applications. The geometric details 

of the fixed-bed and the buffer tank are listed in Table 6.1. 

http://www.co2crc.com.au/wp-content/uploads/2016/10/TH_20161011_362.jpg


 

 

112 

         

Figure 6.3. Scheme of the PSA process in Otway site 

 

Table 6.1. Geometric details of the column and buffer tank of the adsorption plant 

Properties Values 

Adsorption Column radius (𝑚𝑚) 80 

Adsorption Column length (𝑚𝑚) 600 

Adsorption Column wall thickness (𝑚𝑚) 4.5 

Volume of the buffer tank (𝐿) 15 

 

A 10-step cycle including adsorption, pressure equalization with the buffer tank, 

pressure equalization between two beds, and desorption was implemented, as 

shown in the schedule Table 6.2. Note that this cycle does not follow the principle 

of continuous feed as it can be seen that the gas feed is activated only at step 1 

and step 6. The same occurs in the desorption operation. This is a compromised 

solution for the conflict of sophisticated cycle design and the limited number of 

adsorption columns available. With the insertion of the buffer tank pressure 

equalization, a further cleaning of the gas phase before the desorption step can 

be achieved which could enhance the overall performance of the process.  

Feed

CH4 product

CO2 Product

Bed 1 Bed 2

Buffer Tank
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Table 6.2. Cyclic configuration of the PSA cycle 

 
Steps 

1 2 3 4 5 6 7 8 9 10 

Bed 1 AD*↑ 
PPE 
BT↑ 

PPE↑ DE↓ RPE↓ 
RPE 
BT↓ 

RP↑ 

Bed 2 DE↓ RPE↓ 
RPE 
BT↓ 

RP↑ AD↑ 
PPE 
BT↑ 

PPE↑ DE↓ 

*AD – Adsorption, PE BT – Pressure equalization with a buffer tank, PE – Pressure equalization with 
the other bed, DE – Desorption by blowing down, RP – Re-pressurization by feed. The arrow 
direction refers to the gas stream flowing direction. 

• Step 1 – Feed mixture gas enters bed 1 co-currently. CO2 is selectively 

adsorbed to the adsorbent and rich CH4 gas is collected from the top port 

of bed 1. Bed 2 is under counter-current desorption. Rich CO2 product 

exits from the bottom of bed 2. 

• Step 2 – Connect the bed 1 to the buffer tank for a co-current pressure 

equalization, while bed 2 continues for the desorption process. 

• Step 3 – Connect bed 1 and bed 2 for an inter-column pressure 

equalization. 

• Step 4 – Bed 1 begins desorption and collect a CO2-enriched gas stream. 

Bed 2 is pressurized by the buffer tank. 

• Step 5 – Continue for desorption at bed 1. Bed 2 is pressurized by the 

feed gas mixture. 

• Step 6 to 10 – Repeat of steps 1 to 5 with the beds switched. 

To avoid CH4 gas emission to the atmosphere, the exiting gas with enriched CH4 

in the top stream and the desorbed gas with enriched CO2 in the downstream 

line were combined and passed to a thermal oxidizer. 

6.1.2   Adsorbent 

As mentioned, the adsorbent used in this study was Sorbead WS, as both our 

new proposed performance indicator and the process simulations suggested that 

it was the best adsorbent among a series of selected materials for the application 

of CO2 removal from natural gas at pressure (details in Chapter 3, 4 and 5 of this 

work). 
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Table 6.3. Textural properties of Sorbead® WS 

Properties Value 

Chemical composition 
SiO2 

Al2O3 

97 wt.% 

3 wt.% 

B.E.T. surface area (m2/g) 650 

Pore volume (cm3/g) 0.45 

 

 

Figure 6.4. Measured isotherms of CH4 and CO2 on Sorbead® WS at 303 K, 313 K and 

333 K.  

The textural properties (surface area, pore volume and composition) of the 

Sorbead WS were provided by the vendor in Table 6.3. The adsorption Isotherm 

of CO2 and CH4 on Sorbead WS at three temperatures, 303 K, 313 K, 333 K, 

were measured on a static volumetric analyser ASAP 2050 (Micromeritics 

Instrument Corporation, USA) in the pressure range of 0 to 10 bar, and on a 

magnetic suspension balance system (Rubotherm GmbH, Germany) in the 

pressure range of 0 to 80 bar. The details of the measurement method were 

described in Section 3.2.3. The measured isotherms are reported in Chapter 3. 

Here in Figure 6.4, the adsorption isotherms in the intermediate pressure range 

measured by ASAP 2050 via volumetric method (shown as open circles) and the 

ones in the high-pressure range measured by Rubotherm via gravimetric method 

(shown as solid circles) are combined. The results adsorption isotherms were 

fitted by the Langmuir model (Equation 2.3) and Toth model (Equation 2.6), 
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respectively, and the fitting parameters, as well as the residual sum of squares 

(RSS, Equation 3.9) to describe the fitting quality, are listed in Table 6.4. 

Table 6.4. Isotherm fitting parameters of Sorbead® WS by Toth and Langmuir model (also 

reported in Table 3.10) 

Model Gas 𝒏𝒊
∗ (𝒎𝒐𝒍 ∙ 𝒌𝒈−𝟏) 𝒃𝒊 × 𝟏𝟎𝟓 (𝒃𝒂𝒓−𝟏) 𝑸𝒊 (𝒌𝑱 ∙ 𝒎𝒐𝒍−𝟏) 𝒕𝒊 𝑹𝑺𝑺 

Toth 
CH4 9.72 ± 0.68 3.68 ± 0.19 14.50 ± 0.12 0.53 ± 0.02 0.004 

CO2 10.02 ± 0.01 6.84 ± 0.31 22.26 ± 1.23 0.89 ± 0.04 0.775 

Langmuir 
CH4 4.21 ± 0.07 5.25 ± 0.68 14.71 ± 0.35 N/A 0.034 

CO2 9.61 ± 0.40 0.77 ± 0.36 21.76 ± 1.29 N/A 0.884 

 

6.1.3   Process simulation  

In Chapter 5, we have developed two simplified PSA models to provide 

desorption conditions and rough estimates of the recovery of key components. 

We have verified the newly developed models with simulated results from 

literature and with another rigorous model we developed in a commercial 

simulation tool. In this chapter, the process operation results obtained by the 

PSA process of the Otway CO2 capture rig were used as the practical process 

results to compare with the simulation results of the 5-step simplified model we 

developed, to further check the model’s validity. The cycle configuration of the 5-

step model is shown in Figure 6.5. The model development was described in 

detail in Section 5.2.2. 
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Figure 6.5. Schematic of the 5-step PSA cycle applied in the advanced model. PPE – 

Providing pressure equalization; BD – Blowdown; RPE – Receiving pressure equalization; 
RP – Re-pressurization; F&AD – Feed & adsorption. (Also reported in Figure 5.3) 

We have noticed the difference between the simplified model and the PSA 

process of the Otway CO2 capture rig, that the additional couple of pressure 

equalization steps are not included in the simulation. But when reviewing the 

pressure equalization steps between the adsorption column and the buffer tank, 

we found that the gas capacity of the empty buffer tank without packed 

adsorbents was undersized, so that it could not provide the excepted pressure 

decreasing effect of the adsorption column. The overall pressure evolution profile 

in the Otway PSA process, as a result, was similar to that of the 5-step model.  

6.2   Results and discussions 

6.2.1   PSA results 

Separation experiments were carried out on the PSA plant periodically from May 

2017 to May 2019 under various operational conditions. Table 6.5 shows 

representative process results along with their operating conditions. The CO2 

concentrations in the feed gas stream were in a wide range from 28% to 78% 

trying to mimic those targeted in sour natural gas sources with high CO2 contents. 

In the first phase of operations (case No. 1 to 8 in Table 6.5), the overall stream 

flowrates were restricted to very low levels because the piping was undersized 

and did not allow design flow rates. To deliver enough gas components, the 

adsorption time had to be set to very large values, such as 1500 seconds, which 

PPE RPE RPBD

Time

Bottom Product Re-pressurization

F&
AD

Feed

Top Product

(1) (2) (3) (4) (5)
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substantially reduced the plant’s throughput in a unit period. Undeniably, low 

productivities are not acceptable in industrial applications, but as for this 

demonstrative PSA plant, showing the technical feasibility of PSA is of the top 

priority. The economic issues of concern and further process optimizations would 

be in the second stage. 

The relatively small size of the pipes also negatively affected the desorption 

process. The desorption pressure could not reach the expected value (1 atm) in 

the given desorption time. As the guiding concept of the PSA process is to make 

use of the pressure difference between the feed and the desorption condition as 

the driving force for the separation, higher desorption pressures inevitably lessen 

the anticipated working capacity of each component, and consequently, weaken 

the selectivity of the adsorbent. As can be seen, the process results of the first 

phase were not ideal, however, they demonstrated that separation could be 

achieved. Minor separation between CO2 and CH4 could be observed, but it was 

far from the expectation. 

Process modifications were done to the PSA plant to fix these known issues. 

During the second phase of operations (case No. 10 to 14 in Table 6.5), the 

stream flowrate and the desorption pressure could be adjusted to the desired 

levels.  

Case 10 displayed the potential of extracting high-concentration CO2 from the 

gas mixture using the PSA process by amplifying the feed flowrate. Both purity 

and recovery of CO2 could be very high, although such a process is not fit for the 

purpose of this work.  

Case 11 to 13 were the desired processes for the application of CO2 removal 

from natural gas. The purity of methane product was enhanced to a level meeting 

the specification of the pipeline natural gas, higher than 97 mol%, via one stage 

of the PSA process. The recovery of methane was in a range of around 60-70%, 

which might be a concern when considering the economic factors. An attempt to 

boost the recovery of CH4 by increasing the total amount of feed gas was done 

as the Case 14, but the purity of the methane dropped to an unsatisfying value. 

These results implied that we have reached the upper limit of the performance 

by current process configurations. To further improve the process performance, 
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it needs to turn to either switching to an adsorbent with better selectivity than 

Sorbead® WS or changing to a process with a more sophisticated cycle design. 

In a summary of the operational results, both assessment of the adsorbent and 

the process were completed in the PSA demonstration. Sorbead® WS exhibited 

adequate adsorption selectivity of CO2 over CH4 at pressure, even in the cases 

when the process was not in a perfect design. The technical feasibility of using 

PSA to remove CO2 from natural gas were also demonstrated as high purity (≥95 

mol%) methane product with acceptable recovery (≥85%, preferred ≥90%) were 

obtained after solving the design issues.  
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Table 6.5. Representative experimental results of the demonstrative plant with Sorbead® WS as the adsorbent 

Case 
No. 

Date 

Feed 
composition 

Feed 
pressure 

Adsorption 
time 

Feed 
flowrate 

Average bed 
temperature 

Desorption 
pressure CH4 purity CO2 purity 

CH4 
recovery 

(𝐶𝑂2 𝑚𝑜𝑙%) (𝑏𝑎𝑟) (sec) (𝑠𝑡𝑑. 𝐿/min) (℃) (𝑏𝑎𝑟) (𝑚𝑜𝑙%) (𝑚𝑜𝑙%) (%) 

1 11-May-17 30 30 1500 7.4 45 3.5 83 52 75 

2 24-May-17 28 30 1500 6.9 45 2.8 88 41 55 

3 29-May-17 32 30 1000 7.8 45 3.7 83 45 57 

4 7-Jun-17 29 30 500 8.3 45 5 88 38 43 

5 14-Jun-17 45 30 500 4.9 52 6.5 81 55 41 

6 20-Jun-17 45 30 600 4.5 45 6.7 79 56 45 

7 23-Jun-17 49 30 600 4.5 48 6 79 61 46 

8 25-Jun-17 54 30 600 4.6 48 6 78 64 40 

9 28-Aug-18 78 50 15 150 20 2.6 40 92 80 

10 25-Jan-19 78 50 100 75 40 1 24 94 97 

11 30-Jan-19 45 50 100 26 55 1 99 72 68 

12 31-Jan-19 40 50 100 20 55 1 99 62 60 

13 1-Feb-19 34 50 150 20 55 1 99 63 70 

14 4-Feb-19 40 50 250 20 30 1 81 70 79 
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6.2.2   Detailed parameter profiles of the PSA process 

The detailed operational process parameters in one day of running (Case 7, 23rd 

June 2017) were retrieved to show the operating status of the demonstrative 

PSA process.  

Figure 6.6 illustrates the pressure swing patterns during the operation. The 

adsorption step was conducted at a constant high pressure of 30 bar, and the 

lowest pressure at the end of the desorption step averaged around 5 bar. The 

buffer tank provided a reservoir for holding the gas from one bed, reducing the 

pressure after the adsorption step from 30 bar to an intermediate pressure level 

of 22 bar. The adsorption column would then equalise with the other bed just 

finishing the desorption at around 5 bar to reach around 15 bar in this case, and 

started the desorption step until the pressure reached the lowest level. Following 

the desorption step, the pressure would be increase to 15 bar by the pressure 

equalization with the other column, and to 19 bar by receiving the stored gas in 

the buffer tank. Finally, the feed gas would re-pressurise the column to the feed 

pressure, ready for producing the light product.  

 

Figure 6.6. Pressure profiles for the two adsorption beds of the PSA process 

According to theoretical calculations with the same feed and the lowest pressure 

as the operation conditions, the pressure at the end of pressure equalization step, 

namely the start of the desorption step, would be 17.5 bar if only one pair of 

pressure equalization steps was in the cycle, or 11.25 bar if two pairs were 
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designed. Thus, we can affirm the positive effect of the buffer tank for decreasing 

the number of components in the gas phase before the blowdown step, but the 

overall improvement to the process performance is far less than an additional 

pair of true pressure equalization steps. Besides, the pressure profile in the buffer 

tank also evidences its inefficiency. The actual pressure range inside the buffer 

tank during the operation was between 19 and 22 bar. That is to say, the total 

buffering capacity was the gas amount equivalent to a pressure change of 3 bar. 

It is because the buffer tank was not under a cycle scheme like a real adsorption 

column that a desorption step could clean the gas components in the bed and 

regenerate the capacity. Any attempts of increasing the capacity of the buffer 

tank would require extra and unnecessary efforts, which was not the intention of 

this PSA process.  

 

Figure 6.7. Profiles of feed gas flowrate and exiting gas flowrate in the top stream 

Figure 6.7 shows the profiles of the feed gas flowrates and exiting gas flowrate 

of the CH4 product stream. When combining Figure 6.6 and Figure 6.7, it can be 

found that majority of the gas entered the system at the beginning of the re-

pressurization step when the pressure in feed gas was 30 bar while the pressure 

inside the column was around 19 bar; then the feed flowrate trended to a very 

low value or zero once the pressure in the bed was close to that of the feed gas. 

The same case occurred for the beginning of the adsorption step when the 

pressure at a feed stream pipeline was higher than that set for the back-pressure 

regulator. For the exiting stream, a high flowrate only occurred at the adsorption 
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step for each cycle and then the flowrate decreased gradually once the pressure 

after the back-pressure regulator had increased.  

The outlet flowrate of the pipeline was limited to 3 – 4 std. L/min to protect the 

thermal oxidizer. From Figure 6.7, it can be observed that the flowrate peaks in 

the exiting stream and feed stream for the adsorption step were in good 

synchronization. The flowrate values of the exiting streams fluctuated as partial 

gas was taken in the flowrate of 1 – 2 std. L/min by the gas composition analyser.  

 

Figure 6.8. Profile of temperatures in bed 

As mentioned before, the adsorption columns were covered with heating tape 

and insulation materials to maintain a relatively stable thermal condition from the 

outdoor environment. In this case, the temperatures at the top and bottom of the 

bed were maintained at an average of 40 and 55 OC, respectively, in Figure 6.8. 

The temperature swing in the bed was clearly shown with the two temperature 

lines. The feed gas was heated to 40 OC but it slightly changed with the ambient 

temperature. Also, the temperature alternation due to the day/night switch could 

also be observed in the figure.  

6.2.3   Process simulation verification 

Process simulations were conducted by employing the simplified 5-step model 

with the process conditions listed in Table 6.5. The key performance indicators, 

CH4 recovery and CO2 purity, determined by the simulation model are compared 

with the results from the actual PSA plant in Figure 6.9. Notably, the CH4 purity 
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from the Otway PSA plant is used as the specification when running the 

simulation model, therefore, they are not displayed in the comparison graph.  

 

Figure 6.9. Comparison of the key process indicators between the demonstrative PSA 

plant and the 5-step simplified process simulation model. Case numbers are labeled 
under the corresponding data points.  

The comparison results present that the CO2 purity predicted by the simplified 

model is basically within ±10% of the process results, while divergences of the 

recovery of CH4 are slightly higher. But still, for most of the cases, the simplified 

simulation model can reasonably predict the actual results from the 

demonstrative PSA plant.  

These results together with our earlier discussion regarding the capacity of the 

buffer tank demonstrate that the additional buffer tank for another pair of 

equalization steps was not significant. In Chapter 5, we have revealed the 

difference in the resulting CH4 recovery by introducing an additional pair of 

pressure equalization steps when comparing the results of the 3-step model and 

the 5-step model (Table 5.3). If the pressure equalization with the empty tank 

could reach the expected effects equivalent to a common pressure equalization 

step, the deviations of the results between the PSA plant (a process with “two” 

pairs of pressure equalization steps) and the simplified 5-step model (a process 

with one pair of pressure equalization steps) should be larger and, more 
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importantly, one-sided. But since no deviation was observed, it affirmed the 

validity of using the 5-step model to simulate the PSA plant of the Otway CO2 

capture site. 

Secondly, the matching results between the PSA plant and the simulation again 

verify the validity of the simplified model we developed. In Chapter 5, the 

simplified model was validated by comparing the qualitative trend between 

different adsorbents with the results of a rigorous simulation model. In this 

chapter, the quantitative matching of the process results with a real PSA process 

is evidently more convincing. One more point to emphasize here is that the 

process conditions of the PSA plants are continuously varying, and the simplified 

model succeeds in predicting the process results under most of the conditions. 

This is in contrast to Chapter 5 where the operating conditions were constant, 

but the adsorbents were changed. Hence, our model is useful not just for 

adsorbent screening but also for assessing the impact of process parameters on 

performance for a given adsorbent. 

6.3   Summary 

The successful operations of the PSA process in the Otway CO2 capture rig 

provide valuable data for studying and implementing PSA technology in high-

pressure natural gas sweetening processes. The major outcome of the campaign 

is that it displays the technical feasibility of using a two-bed PSA process with 

Sorbead® WS as the adsorbent to remove CO2 from a high-pressure natural gas 

mixture. Also, by conducting simulations by the simplified model with the 

operational conditions retrieved from the Otway PSA plant, we found that the 5-

step simplified model could predict the actual process results very well. This 

verifies the validity of the newly developed simplified model.  
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CONCLUSION AND FUTURE WORK 

7.1   Conclusion 

Although we have presented an individual summary at the end of each chapter, 

an integrated summary of the findings of this work is offered here. The main 

scope is to study the feasibility of the use of adsorption-based technology to 

remove CO2 from natural gas at high pressures.  

The adsorbent used in the process is a critical parameter for the adsorption 

technology. The present work commenced in Chapter 3 with characterizing a 

series of novel adsorbents, six high silica zeolites (CBV-760, CBV-780, HSZ-

320HOA, HSZ-350HUA, HSZ-385HUA, and HSZ-390HUA) and a silica gel 

(Sorbead® WS), with potential high selectivity of CO2 over CH4 in the high-

pressure applications. Their textural properties and adsorption isotherms at low 

and intermediate pressure ranges were measured by volumetric isotherms 

measurement methods. High-pressure adsorption isotherms at three different 

temperatures for each selected material were determined by gravimetric method. 

Also, the difference of the absolute adsorption amount and the excess adsorption 

amount from the results of high-pressure adsorption isotherms were specified, 

and the measurement data of all materials studied were provided in this work. 

To evaluate the performance of these adsorbents, two distinct methods were 

employed. A common adsorbent performance indicator, IAST selectivity, was 

used to predict the performance of the adsorbents. Besides, the process 

performances were also obtained by running the process simulation with a 

rigorous simulation model. The evaluation results of these two methods were 

significantly deviated, which raised a serious question, “whether the traditional 

adsorbent performance indicators are capable to evaluate the adsorbent for the 

CO2/CH4 adsorptive separation processes at high pressures”. 

Then in Chapter 4, by reviewing the existing adsorbent performance indicators, 

we found the limitations in current adsorbent evaluation methods, and to 

overcome the known boundaries we proposed a new adsorbent performance 

indicator, adiabatic column working selectivity. The new indicator contained all 
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factors of previous performance indicators and added a new parameter, the 

component stored in the void phase of the column. The results of the new 

performance indicator suggested that the high inter- and intra-particle voidage of 

the adsorbent was detrimental to the process performance. Also, by comparing 

the adsorbent screening results by traditional and new performance indicators 

with rigorous process simulation results, we found that the newly proposed one 

could produce similar results as the process simulation, suggesting Sorbead® 

WS was the best adsorbent among the selected material, while the existing 

performance indicators more or less deviated from the simulation outcomes. The 

finding was an initial evidence supporting the feasibility of adiabatic column 

working selectivity as a valid performance indicator to evaluate and screen 

adsorbents for the application of CO2 removal from sour natural gas at pressure. 

However, there was a high threshold of applying the newly developed indicator: 

the temperature and the bulk gas composition at the desorption step of the 

adsorption process were required for the calculation, but it was hard to get 

access to both process parameters without a process experiment or a simulation. 

In Chapter 5, to ease the application of the adiabatic column working selectivity, 

we developed two simplified simulation models: the 3-step equilibrium PSA 

model, and the 5-step equilibrium PSA model including a pair of pressure 

equalization steps. The simulation result showed that the desorption 

compositions and temperatures obtained by simplified models agreed very well 

with the variables determined by the rigorous simulation model. Meanwhile, the 

results of the adiabatic column working selectivity using the process variables 

obtained by the simplified model could perfectly match the adsorbent screening 

results by the rigorous simulation model. This again proved the feasibility of the 

newly proposed performance indicator in Chapter 4. 

In Chapter 6, the actual experiments of using a pressure-swing adsorption 

process to remove CO2 from high-pressure natural gas were conducted on the 

PSA plant in the Otway CO2 Capture Research Facility. The adsorbent used in 

the PSA plant was Sorbead® WS, the best adsorbent among the studied 

materials predicted by rigorous simulations and the adiabatic column working 

selectivity. The process operational results displayed the technical feasibility of 

the adsorption for the natural gas sweetening process, that pure CH4 products 



 

 

127 

could be obtained with a reasonable recovery from high CO2 content natural gas 

mixtures. Also, when using the process conditions as the simulation input to the 

simplified models we developed in Chapter 5, the results from the simulation 

model agreed well with the actual PSA process. This point is a critical piece of 

fact verifying the validity of the simplified model.  

Overall, the most significant finding of this work is the novel adsorbent 

performance indicator, adiabatic column working selectivity. It can be used to 

evaluate the performance of adsorbents for the application of CO2 removal from 

natural gas in the high-pressure. With the help of a newly developed simplified 

model which is verified by a real PSA process, the calculation results of the 

adiabatic column working selectivity can more precisely predict and screen 

adsorbents for the targeted application. 

7.2   Recommendations for future work 

The adsorbents studied in this work are a very small group of materials among 

a huge candidate pool. Although we have identified Sorbead® WS as a promising 

adsorbent for the application of CO2 removal from natural gas, there is still a gap 

between its performances to the expected goals. To achieve high purity and high 

recovery of the methane product at the same time, looking for adsorbents with 

suitable adsorption properties is of the top priority. The adsorption properties of 

plenty of materials with various chemical natures can be measured using the 

same characterization method in this study, and then screened by the adiabatic 

column working selectivity to find a general best adsorbent for the application of 

CO2 removal from natural gas.  

Regarding the adiabatic column working selectivity, it is currently only valid for 

equilibrium separations because no kinetic behaviour is considered. Future 

research efforts can be focused on extending the application scope to kinetic 

separations by introducing the mass transfer coefficients of the gas component 

into the calculation. Besides, in Chapter 4 the screening results of the adiabatic 

column working selectivity suggests that the high void space and low bulk density 

of the adsorbent in the packed adsorption column can cause negative impacts 

on the process performances. Optimization on this factor should be considered 

for future adsorption process design, especially for those process operated in 
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the high pressures. 
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APPENDIX A 

INTERMEDIATE-PRESSURE EXPERIMENTAL DATA OF THE 

ADSORPTION ISOTHERMS FOR STUDIED ADSORBENTS 

 

This appendix contains the adsorption isotherm data of seven studied zeolites in 

the intermediate-pressure regime results generated from undertaking the 

analysis in Chapter 3. 

Table A.1. Experimental adsorption isotherms of CH4 on HSZ-320HOA 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.00659 0.00127 0.0094 0.00139 0.00975 8.99E-04 

0.01318 0.0026 0.01612 0.00233 0.01659 0.00151 

0.01977 0.00394 0.02546 0.00393 0.02621 0.00254 

0.02633 0.0053 0.03214 0.00495 0.03308 0.00324 

0.03289 0.00673 0.04369 0.00696 0.04374 0.0044 

0.04377 0.00913 0.06255 0.01025 0.06249 0.0065 

0.06239 0.01331 0.09184 0.01536 0.09238 0.00992 

0.0896 0.01948 0.12841 0.02174 0.12845 0.01406 

0.12842 0.02818 0.18427 0.03162 0.18435 0.02042 

0.18437 0.0408 0.26787 0.04628 0.26486 0.02971 

0.2678 0.0595 0.38056 0.06612 0.38095 0.04303 

0.38087 0.08455 0.55079 0.09578 0.54973 0.06219 

0.5493 0.12145 0.78844 0.13654 0.78979 0.08918 

0.78943 0.17301 1.1406 0.19592 1.14255 0.12842 

1.14246 0.24718 1.64485 0.27893 1.65049 0.18359 

1.65002 0.35034 2.37417 0.39425 2.38402 0.26097 

2.38622 0.49279 3.44158 0.55308 3.46399 0.36652 

3.46464 0.68739 4.99488 0.76366 5.03672 0.50886 

5.04254 0.94348 7.28574 1.03589 7.37093 0.69544 

7.37851 1.26424 9.98773 1.31003 9.98904 0.8674 

9.98718 1.55965     
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Table A.2. Experimental adsorption isotherms of CO2 on HSZ-320HOA 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.00157 0.02299 0.00209 0.02072 0.00323 0.01607 

0.00966 0.1216 0.01184 0.10166 0.01011 0.04681 

0.01395 0.1654 0.01374 0.11552 0.01597 0.07149 

0.02113 0.23105 0.02157 0.16954 0.02113 0.09204 

0.0308 0.30778 0.03149 0.2308 0.03068 0.128 

0.04369 0.3964 0.04316 0.29509 0.04438 0.17561 

0.06236 0.50544 0.06206 0.3862 0.06356 0.23627 

0.08931 0.63758 0.08969 0.5001 0.09039 0.31209 

0.12824 0.79687 0.1284 0.63441 0.12948 0.40911 

0.18353 0.98592 0.18417 0.79714 0.18491 0.52792 

0.26355 1.21561 0.26422 0.9926 0.26594 0.67519 

0.37783 1.49318 0.37875 1.22817 0.3796 0.85028 

0.54536 1.83742 0.54568 1.51851 0.54537 1.06522 

0.78583 2.24864 0.7857 1.86994 0.78378 1.32646 

1.12879 2.72196 1.12998 2.28716 1.12946 1.64545 

1.62587 3.24368 1.62542 2.76419 1.62437 2.02506 

2.33693 3.7693 2.33773 3.27819 2.33752 2.46715 

3.35454 4.25506 3.36381 3.78674 3.37507 2.92334 

4.84326 4.68305 4.82701 4.25138 4.82366 3.40332 

6.96285 5.04398 6.95038 4.65108 6.98452 3.86604 

9.98752 5.38054 9.98747 5.02677 9.98462 4.27841 
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Table A.3. Experimental adsorption isotherms of CH4 on HSZ-350HUA 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.73094 0.14323 0.71413 0.1156 0.71392 0.07443 

0.88594 0.17213 0.89103 0.14196 0.87425 0.08993 

1.06965 0.2061 1.07089 0.16796 1.07233 0.10877 

1.31257 0.25041 1.31865 0.2035 1.31593 0.13118 

1.60544 0.30281 1.61562 0.24531 1.61652 0.15756 

1.97301 0.36755 1.98001 0.29552 1.98185 0.18851 

2.41788 0.44362 2.42727 0.35543 2.42944 0.22484 

2.95834 0.5333 2.97818 0.42633 2.98285 0.26793 

3.62975 0.64058 3.65116 0.50968 3.65871 0.31782 

4.44589 0.76462 4.48051 0.60698 4.49006 0.3758 

5.44725 0.90759 5.50143 0.7192 5.51601 0.44368 

6.67716 1.07037 6.75677 0.84757 6.77886 0.51982 

8.18669 1.25072 8.30583 0.98804 8.33598 0.60256 

9.99339 1.4575 9.99323 1.13809 9.994 0.68287 
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Table A.4. Experimental adsorption isotherms of CO2 on HSZ-350HUA 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.01213 0.02574 1.01806 1.05457 1.01091 0.69423 

0.01683 0.03553 1.31834 1.2939 1.32473 0.86287 

0.02281 0.04766 1.62005 1.5221 1.62287 1.01756 

0.02829 0.05863 1.96966 1.77174 1.9708 1.18529 

0.03617 0.0741 2.4151 2.06784 2.41283 1.3899 

0.04316 0.08718 2.95924 2.39858 2.96112 1.62569 

0.05315 0.1057 3.62599 2.75532 3.6256 1.888 

0.0641 0.12547 4.44313 3.12689 4.4431 2.18042 

0.07877 0.1516 5.44511 3.49196 5.44751 2.49002 

0.09633 0.18194 6.66756 3.83255 6.67198 2.80444 

0.11653 0.21591 8.1703 4.13795 8.18024 3.10461 

0.14294 0.2586 9.9931 4.49227 9.99437 3.44444 

0.17471 0.30873     

0.2136 0.36769     

0.26102 0.4368     

0.31807 0.51703     

0.38995 0.61424     

0.47743 0.72757     

0.58384 0.86009     

0.71559 1.01743     

0.87664 1.20195     

1.07251 1.4162     

1.31307 1.666     

1.60812 1.95507     

1.97164 2.28146     

2.41656 2.63928     

2.96184 3.0156     

3.62543 3.38899     

4.43944 3.7506     

5.44021 4.08122     

6.65992 4.37629     

8.16479 4.63319     

9.9929 4.97077     
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Table A.5. Experimental adsorption isotherms of CH4 on HSZ-385HUA 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.00948 9.93E-04 0.00959 6.15E-04 0.00976 4.54E-04 

0.01379 0.00134 0.01643 0.00103 0.01675 6.60E-04 

0.02273 0.00225 0.02324 0.00154 0.02475 8.45E-04 

0.0307 0.00308 0.03308 0.00242 0.03172 0.0012 

0.04369 0.00456 0.04635 0.00369 0.04381 0.00182 

0.06249 0.00679 0.06257 0.00522 0.06401 0.00298 

0.09225 0.01119 0.09218 0.00818 0.08953 0.00462 

0.13026 0.01593 0.13042 0.01208 0.13079 0.00723 

0.18405 0.02265 0.18425 0.01765 0.18422 0.01078 

0.26619 0.03303 0.26463 0.02591 0.26701 0.01628 

0.38 0.0474 0.38031 0.03776 0.38052 0.02391 

0.5469 0.06826 0.54692 0.05499 0.54773 0.03513 

0.7861 0.09795 0.78666 0.07936 0.7881 0.05093 

1.13158 0.1402 1.1325 0.11417 1.14037 0.07398 

1.63605 0.20095 1.63943 0.16425 1.64293 0.1062 

2.35515 0.28538 2.36243 0.23393 2.37219 0.15107 

3.4028 0.40438 3.41575 0.33124 3.43315 0.21538 

4.91665 0.56648 4.9421 0.46559 4.97962 0.30466 

7.12614 0.78237 7.17875 0.64653 7.25268 0.42874 

9.98645 1.03187 9.98769 0.84942 9.98916 0.55536 
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Table A.6. Experimental adsorption isotherms of CO2 on HSZ-385HUA 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.00623 3.50E-03 0.00643 2.57E-03 0.0096 2.55E-03 

0.01483 0.00886 0.01529 0.0066 0.01918 5.30E-03 

0.02397 0.01445 0.02668 0.01183 0.02689 7.43E-03 

0.03138 0.01898 0.0358 0.01602 0.03612 0.01015 

0.04594 0.02787 0.04518 0.02034 0.04572 0.01295 

0.06415 0.03864 0.0645 0.02915 0.06248 0.01789 

0.09092 0.05413 0.09001 0.04079 0.09 0.02616 

0.12936 0.07579 0.1309 0.05877 0.13 0.03796 

0.18524 0.10651 0.1848 0.08223 0.18522 0.05394 

0.26614 0.14959 0.26582 0.11668 0.26641 0.07713 

0.38167 0.20968 0.38077 0.16432 0.38084 0.10934 

0.5468 0.29343 0.54724 0.23186 0.54685 0.15536 

0.78585 0.41326 0.78632 0.32722 0.7851 0.21949 

1.12825 0.58549 1.13046 0.46334 1.13111 0.31135 

1.62458 0.84004 1.62538 0.66019 1.62378 0.44126 

2.33738 1.21893 2.33556 0.94972 2.33846 0.62779 

3.36624 1.77443 3.36598 1.37831 3.36352 0.89086 

4.85565 2.50107 4.84614 1.97359 4.84152 1.2664 

7.0002 3.25001 6.99374 2.68999 6.97454 1.7792 

9.98629 3.92842 9.98668 3.42434 9.98497 2.38191 
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Table A.7. Experimental adsorption isotherms of CH4 on HSZ-390HUA 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.89139 0.1354 0.89297 0.11464 0.87765 0.08297 

1.08585 0.1626 1.08799 0.13541 1.09211 0.09567 

1.31136 0.19374 1.31537 0.1598 1.31391 0.10841 

1.61445 0.23529 1.61382 0.19197 1.61965 0.12758 

1.97824 0.28463 1.97971 0.23114 1.9873 0.15096 

2.42549 0.34422 2.42642 0.27873 2.44189 0.17975 

2.97502 0.41594 2.97656 0.33607 2.99582 0.21455 

3.64648 0.50142 3.65009 0.40467 3.68171 0.25658 

4.47695 0.60322 4.479 0.48664 4.52568 0.30638 

5.49022 0.72228 5.49677 0.58266 5.5655 0.36561 

6.74294 0.86084 6.74986 0.69563 6.85467 0.43308 

8.28351 1.01896 8.29513 0.82462 8.44203 0.51312 

9.99326 1.19017 9.99325 0.97237 9.9938 0.59376 
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Table A.8. Experimental adsorption isotherms of CO2 on HSZ-390HUA 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.89139 0.1354 0.89297 0.11464 0.87765 0.08297 

1.08585 0.1626 1.08799 0.13541 1.09211 0.09567 

1.31136 0.19374 1.31537 0.1598 1.31391 0.10841 

1.61445 0.23529 1.61382 0.19197 1.61965 0.12758 

1.97824 0.28463 1.97971 0.23114 1.9873 0.15096 

2.42549 0.34422 2.42642 0.27873 2.44189 0.17975 

2.97502 0.41594 2.97656 0.33607 2.99582 0.21455 

3.64648 0.50142 3.65009 0.40467 3.68171 0.25658 

4.47695 0.60322 4.479 0.48664 4.52568 0.30638 

5.49022 0.72228 5.49677 0.58266 5.5655 0.36561 

6.74294 0.86084 6.74986 0.69563 6.85467 0.43308 

8.28351 1.01896 8.29513 0.82462 8.44203 0.51312 

9.99326 1.19017 9.99325 0.97237 9.9938 0.59376 
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Table A.9. Experimental adsorption isotherms of CH4 on CBV-760 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.01217 0.00202 0.86824 0.14837 0.87477 0.1234 

0.05023 0.00941 1.08303 0.18272 1.08575 0.14997 

0.11534 0.02188 1.31235 0.21868 1.3169 0.17864 

0.21482 0.04086 1.61376 0.2646 1.61517 0.21479 

0.31939 0.06096 1.97807 0.31898 1.97866 0.25812 

0.39169 0.07479 2.42292 0.38348 2.42511 0.30981 

0.58655 0.11127 2.97287 0.46009 2.97523 0.37103 

0.71527 0.13515 3.64405 0.55022 3.64763 0.4431 

0.8801 0.1654 4.47306 0.65628 4.47929 0.52814 

1.07502 0.20044 5.48425 0.7772 5.49397 0.62592 

1.62892 0.29762 6.73279 0.91567 6.74686 0.73841 

1.99215 0.36061 8.2697 1.07041 8.29057 0.86367 

2.44478 0.43603 9.99328 1.23854 9.99326 0.99764 

3.73609 0.64003     

4.53502 0.76164     

5.59011 0.91452     

6.8846 1.09251     

7.5364 1.1817     

8.32684 1.286     

9.29849 1.40486     

9.56086 1.43444     

9.98816 1.48991     
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Table A.10. Experimental adsorption isotherms of CO2 on CBV-760 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

1.07343 0.95803 1.0831 0.76078 1.07856 0.45422 

1.32195 1.14306 1.30465 0.89052 1.31451 0.53764 

1.60156 1.34575 1.60243 1.05939 1.60334 0.63756 

1.96919 1.60404 1.97013 1.26197 1.97186 0.76185 

2.41508 1.90635 2.41231 1.49726 2.41425 0.90621 

2.96041 2.2567 2.95716 1.77638 2.95767 1.07849 

3.62667 2.6477 3.62699 2.10047 3.62356 1.2808 

4.44515 3.06628 4.44386 2.45996 4.44283 1.51606 

5.44507 3.48645 5.44473 2.84483 5.44524 1.77823 

6.66959 3.88723 6.67208 3.2385 6.66978 2.0684 

8.16885 4.25681 8.177 3.61174 8.18192 2.36745 

9.99315 4.6908 9.99317 4.02509 9.99402 2.78121 
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Table A.11. Experimental adsorption isotherms of CH4 on CBV-780 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.01222 0.00209 0.01242 6.89E-04 0.01243 5.75E-04 

0.04438 0.00738 0.04824 0.00585 0.04834 0.00473 

0.11547 0.02055 0.1167 0.0167 0.11536 0.0127 

0.2116 0.03901 0.21422 0.03215 0.21332 0.025 

0.31885 0.05935 0.31934 0.04892 0.319 0.0383 

0.38821 0.07242 0.38862 0.05991 0.38923 0.04731 

0.58258 0.10857 0.58538 0.09031 0.58652 0.0714 

0.71353 0.13256 0.71386 0.1105 0.71683 0.08744 

0.87775 0.16213 0.87629 0.13528 0.87845 0.10674 

1.07673 0.19742 1.07337 0.16498 1.07525 0.12965 

1.31367 0.23856 1.62248 0.24355 1.62103 0.18972 

1.61678 0.28983 1.98502 0.29497 1.98135 0.22968 

1.98177 0.35004 2.43354 0.35513 2.43232 0.2762 

2.43111 0.42195 3.70104 0.51112 3.69155 0.39348 

2.97869 0.50567 4.5026 0.60578 4.49717 0.46374 

3.65704 0.60515 5.53912 0.71792 5.52915 0.54984 

4.48829 0.7207 6.81164 0.8465 6.7958 0.70931 

5.51263 0.85364 7.50312 0.91473 7.50192 0.75185 

6.77394 1.00647 8.27359 0.98813 8.27973 0.79646 

8.3305 1.1736 9.23414 1.07124 9.21743 0.84612 

9.9937 1.34534 9.55158 1.10455 9.54921 0.87222 
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Table A.12. Experimental adsorption isotherms of CO2 on CBV-780 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.01503 0.0166 0.01524 0.01145 0.01524 0.00977 

0.03593 0.04006 0.03362 0.02615 0.03362 0.01957 

0.0468 0.05188 0.04932 0.0391 0.04932 0.02598 

0.06483 0.07143 0.06311 0.04969 0.06311 0.03495 

0.07927 0.08666 0.0792 0.06204 0.0792 0.04259 

0.09812 0.106 0.09653 0.07521 0.09653 0.05176 

0.11381 0.12198 0.11404 0.08852 0.11404 0.06129 

0.12802 0.13663 0.12955 0.10018 0.12955 0.06878 

0.14479 0.15318 0.14669 0.11284 0.14669 0.07732 

0.26878 0.26693 0.26913 0.19624 0.26913 0.13817 

0.5339 0.48382 0.53372 0.35982 0.53372 0.25446 

1.05277 0.85525 1.05354 0.64598 1.05354 0.4584 

1.57481 1.19566 1.57548 0.91035 1.57548 0.64386 

2.09535 1.51257 2.09524 1.15998 2.09524 0.81939 

2.61759 1.81222 2.6168 1.39977 2.6168 0.98753 

3.13724 2.09155 3.13706 1.6287 3.13706 1.14924 

3.65726 2.34836 3.65735 1.84667 3.65735 1.3022 

4.17859 2.58388 4.17797 2.05076 4.17797 1.44814 

4.69704 2.7944 4.69752 2.24125 4.69752 1.59416 

5.21673 2.98699 5.2186 2.42451 5.2186 1.72634 

5.7373 3.15865 5.7383 2.59483 5.7383 1.85138 

6.25651 3.3149 6.25843 2.74609 6.25843 1.97543 

6.77669 3.45977 6.77749 2.9006 6.77749 2.09483 

7.29797 3.58891 7.29915 3.04503 7.29915 2.20866 

7.81653 3.71039 7.8193 3.17911 7.8193 2.31016 

8.33771 3.82912 8.33937 3.30944 8.33937 2.40652 

8.85884 3.93423 8.86 3.42996 8.86 2.50813 

9.37788 4.03099 9.37897 3.54108 9.37897 2.59185 

9.94652 4.2054 9.94544 3.73135 9.94544 2.73675 
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Table A.13. Experimental adsorption isotherms of CH4 on Sorbead® WS 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.00843 8.79E-04 0.00908 6.72E-04 0.00951 4.92E-04 

0.01245 0.00131 0.01332 9.65E-04 0.01385 7.16E-04 

0.0186 0.00197 0.02208 0.00162 0.02294 0.00121 

0.02468 0.00265 0.03072 0.00227 0.03074 0.00163 

0.03079 0.00333 0.04634 0.00344 0.04368 0.00233 

0.04474 0.00487 0.06249 0.00466 0.0625 0.00337 

0.06252 0.00681 0.09102 0.00681 0.08952 0.00485 

0.08954 0.00965 0.12837 0.00963 0.12832 0.00696 

0.12818 0.01371 0.18431 0.01379 0.18628 0.01012 

0.18693 0.0198 0.26468 0.01971 0.26476 0.01432 

0.2648 0.02778 0.38064 0.02814 0.38298 0.02059 

0.38096 0.03933 0.54759 0.04006 0.5469 0.0291 

0.54801 0.05522 0.79135 0.05702 0.78758 0.04131 

0.78886 0.07679 1.1384 0.08031 1.13389 0.05838 

1.14101 0.10648 1.64525 0.11294 1.64304 0.08265 

1.64771 0.14655 2.37523 0.1575 2.37014 0.11563 

2.38508 0.20073 3.44393 0.21836 3.43003 0.16121 

3.45675 0.27319 4.99797 0.29976 4.97263 0.22289 

5.0297 0.36959 7.29283 0.40871 7.24205 0.30696 

7.35391 0.49703 9.98569 0.52564 9.98725 0.40104 

9.98409 0.6281     
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Table A.14. Experimental adsorption isotherms of CO2 on Sorbead® WS 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏 𝑷 𝒏 𝑷 𝒏 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.00124 0.00418 9.72E-04 0.00438 0.00147 0.00405 

0.00972 0.02083 0.01106 0.01977 0.00991 0.01219 

0.0158 0.0304 0.01585 0.02548 0.01369 0.01496 

0.0202 0.03684 0.02046 0.03049 0.02046 0.01936 

0.03006 0.05026 0.0306 0.04085 0.03009 0.02512 

0.04323 0.06673 0.04411 0.0536 0.04325 0.03243 

0.06199 0.08804 0.06203 0.06905 0.06253 0.04251 

0.08858 0.11585 0.08854 0.09046 0.09079 0.0562 

0.12819 0.15309 0.12984 0.12065 0.12894 0.07325 

0.18354 0.2 0.18346 0.15663 0.18463 0.09645 

0.26435 0.26148 0.26502 0.20586 0.26502 0.12737 

0.38086 0.33979 0.37892 0.26791 0.38013 0.16813 

0.54448 0.43731 0.54675 0.34951 0.54677 0.22191 

0.78636 0.56397 0.78602 0.45273 0.78495 0.29165 

1.12954 0.72067 1.12878 0.58289 1.13146 0.38277 

1.62573 0.91584 1.62501 0.74742 1.62596 0.49866 

2.33705 1.15579 2.33821 0.95257 2.33946 0.6465 

3.36654 1.45112 3.36772 1.20664 3.36571 0.83356 

4.84883 1.80947 4.84758 1.51779 4.84836 1.06792 

6.99058 2.2395 6.99029 1.89513 6.98795 1.35408 

9.98496 2.74927 9.98449 2.3422 9.98513 1.69119 

  



 

 

151 

APPENDIX B 

HIGH-PRESSURE EXPERIMENTAL DATA OF THE ADSORPTION 

ISOTHERMS FOR STUDIED ADSORBENTS 

 

This appendix contains the adsorption isotherm data of seven studied zeolites in 

the high-pressure regime results generated from undertaking the analysis in 

Chapter 3. 

Table B.1. Experimental absolute and excess adsorption isotherms of CH4 on HSZ-

320HOA 

T = 304 K T = 313 K T = 334 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.5 0.1021 0.1020 0.5 0.0589 0.0589 0.5 0.0513 0.0512 

1.0 0.2132 0.2128 1.0 0.1489 0.1485 1.0 0.1244 0.1243 

2.0 0.4261 0.4247 2.0 0.3349 0.3335 2.0 0.2594 0.2587 

5.0 0.9819 0.9737 5.0 0.8161 0.8086 5.0 0.6062 0.6019 

10.0 1.6596 1.6314 10.0 1.4357 1.4100 10.0 1.0922 1.0760 

15.0 2.1192 2.0645 15.0 1.8745 1.8244 15.0 1.4657 1.4325 

20.0 2.4346 2.3499 20.0 2.1903 2.1122 20.0 1.7560 1.7021 

25.0 2.6697 2.5524 25.0 2.4253 2.3169 25.0 1.9847 1.9078 

30.0 2.8433 2.6920 30.0 2.6048 2.4643 30.0 2.1671 2.0655 

35.0 2.9740 2.7877 35.0 2.7447 2.5710 35.0 2.3135 2.1859 

40.2 3.0815 2.8588 40.2 2.8588 2.6506 40.2 2.4328 2.2786 

45.3 3.1600 2.9008 45.3 2.9436 2.7009 45.3 2.5291 2.3473 

50.2 3.2278 2.9318 50.2 3.0164 2.7387 50.2 2.6110 2.4019 

60.1 3.3171 2.9467 60.1 3.1172 2.7692 60.1 2.7329 2.4677 

70.1 3.3698 2.9236 70.1 3.1873 2.7663 70.2 2.8141 2.4918 

80.1 3.3941 2.8736 80.1 3.2149 2.7241 80.1 2.8657 2.4878 

90.1 3.3951 2.8023 90.1 3.2364 2.6745 90.0 2.8956 2.4627 

100.2 3.3966 2.7122 100.2 3.2374 2.6012 100.2 2.9121 2.4240 

 

  



 

 

152 

Table B.2. Experimental absolute and excess adsorption isotherms of CO2 on HSZ-

320HOA 

T = 304 K T = 313 K T = 333 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

1.0 2.6348 2.6291 1.1 2.3194 2.3139 1.0 1.5171 1.5143 

2.0 3.5597 3.5444 2.4 3.3998 3.3820 2.0 2.2615 2.2526 

5.0 4.7723 4.7169 5.0 4.3907 4.3413 5.0 3.5090 3.4725 

10.8 5.4816 5.3383 10.0 5.1175 4.9988 10.0 4.3868 4.2933 

14.9 5.7421 5.5295 15.0 5.4793 5.2827 15.0 4.8233 4.6655 

19.8 5.9638 5.6620 20.0 5.7217 5.4401 19.9 5.1016 4.8766 

24.9 6.1485 5.7447 24.8 5.9026 5.5321 24.9 5.3117 5.0118 

29.9 6.3068 5.7902 30.0 6.0649 5.5903 30.1 5.4865 5.1036 

34.8 6.4542 5.8151 35.1 6.2099 5.6218 34.9 5.6232 5.1565 

39.5 6.5894 5.8180 39.7 6.3313 5.6307 39.8 5.7508 5.1944 

44.5 6.7420 5.8060 44.5 6.4559 5.6245 44.5 5.8565 5.2074 

49.7 6.9146 5.7764 50.0 6.5978 5.5982 49.6 5.9765 5.2165 
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Table B.3. Experimental absolute and excess adsorption isotherms of CH4 on HSZ-

350HUA 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.5 0.1127 0.1125 0.5 0.0680 0.0678 0.5 0.0634 0.0632 

1.0 0.2158 0.2153 1.0 0.1608 0.1603 1.0 0.1277 0.1272 

2.0 0.4178 0.4160 2.0 0.3285 0.3272 2.0 0.2555 0.2541 

5.0 0.9652 0.9558 5.0 0.7902 0.7830 5.0 0.6000 0.5937 

10.0 1.6824 1.6509 10.0 1.4300 1.4048 10.0 1.1058 1.0851 

15.0 2.2096 2.1478 15.0 1.9130 1.8626 15.0 1.5091 1.4682 

20.0 2.5995 2.5024 20.0 2.2846 2.2041 20.0 1.8464 1.7806 

25.0 2.8899 2.7545 25.0 2.5759 2.4620 25.0 2.1164 2.0227 

30.0 3.1210 2.9445 30.0 2.8065 2.6567 30.0 2.3376 2.2137 

35.0 3.3035 3.0839 35.0 2.9977 2.8098 35.0 2.5273 2.3709 

40.4 3.4556 3.1901 40.5 3.1517 2.9228 40.3 2.6909 2.5000 

45.4 3.5712 3.2602 45.5 3.2831 3.0132 45.3 2.8170 2.5916 

50.3 3.6799 3.3220 50.4 3.3922 3.0812 50.2 2.9371 2.6759 

60.2 3.8313 3.3787 60.3 3.5535 3.1586 60.1 3.1042 2.7714 

70.3 3.9462 3.3937 70.4 3.6746 3.1919 70.2 3.2596 2.8486 

80.3 4.0358 3.3816 80.3 3.7662 3.1948 80.2 3.3626 2.8751 

90.2 4.0913 3.3361 90.3 3.8354 3.1741 90.1 3.4395 2.8749 

100.4 4.1383 3.2770 100.4 3.8801 3.1281 100.3 3.5096 2.8646 

 

Table B.4. Experimental absolute and excess adsorption isotherms of CO2 on HSZ-

350HUA 

T = 303 K T = 313 K T = 333 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

2.2 2.3846 2.3730 2.1 1.7923 1.7844 1.9 1.0946 1.0905 

5.1 4.1358 4.0878 5.1 3.5110 3.4712 5.3 2.5064 2.4792 

9.9 5.2654 5.1421 10.1 4.7623 4.6532 10.3 3.7852 3.7026 

15.1 5.8309 5.6157 15.1 5.3602 5.1714 15.3 4.4718 4.3237 

20.2 6.1805 5.8675 19.9 5.7600 5.4853 19.9 4.8989 4.6838 

24.7 6.4351 6.0231 24.8 6.0415 5.6718 25.0 5.3177 5.0169 

30.0 6.6836 6.1426 29.5 6.2597 5.7912 29.6 5.5583 5.1786 

35.0 6.8976 6.2188 35.1 6.4832 5.8836 34.9 5.7795 5.3011 

40.1 7.1037 6.2640 39.8 6.6547 5.9335 39.7 5.9541 5.3787 

45.7 7.3247 6.2820 44.9 6.8289 5.9606 45.4 6.1213 5.4254 

49.6 7.5008 6.2850 49.5 6.9798 5.9625 49.9 6.2619 5.4589 
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Table B.5. Experimental absolute and excess adsorption isotherms of CH4 on HSZ-

385HUA 

T = 305 K T = 313 K T = 333 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.5 0.0739 0.0737 0.5 0.0595 0.0594 0.5 0.0547 0.0547 

1.0 0.1431 0.1428 1.0 0.1165 0.1163 1.0 0.1051 0.1050 

2.0 0.2915 0.2905 2.0 0.2501 0.2494 2.0 0.2029 0.2024 

5.0 0.7227 0.7166 5.0 0.6235 0.6186 5.0 0.4819 0.4783 

10.0 1.3282 1.3053 10.0 1.1573 1.1385 10.0 0.9010 0.8873 

15.0 1.8138 1.7665 15.0 1.6018 1.5622 15.0 1.2679 1.2384 

20.0 2.1949 2.1178 20.0 1.9621 1.8966 20.0 1.5765 1.5271 

25.0 2.4956 2.3851 25.0 2.2546 2.1595 25.0 1.8407 1.7679 

30.0 2.7412 2.5942 30.0 2.5020 2.3740 30.0 2.0645 1.9657 

35.0 2.9488 2.7626 35.0 2.7086 2.5455 35.0 2.2554 2.1286 

40.2 3.1232 2.8963 40.2 2.8928 2.6925 40.2 2.4338 2.2766 

45.2 3.2700 3.0001 45.2 3.0348 2.7962 45.2 2.5814 2.3925 

50.1 3.3990 3.0854 50.1 3.1668 2.8886 50.1 2.7060 2.4851 

60.0 3.6127 3.2067 60.0 3.3889 3.0268 60.0 2.9273 2.6376 

70.1 3.7882 3.2831 70.1 3.5603 3.1098 70.1 3.1070 2.7441 

80.0 3.9227 3.3168 80.0 3.7046 3.1623 80.1 3.2604 2.8214 

90.0 4.0484 3.3356 90.0 3.8301 3.1921 90.0 3.3914 2.8735 

100.1 4.1539 3.3294 100.1 3.9254 3.1898 100.2 3.4946 2.8961 

 

Table B.6. Experimental absolute and excess adsorption isotherms of CO2 on HSZ-

385HUA 

T = 305 K T = 313 K T = 333 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

1.1 0.6108 0.6091 0.8 0.3160 0.3152 1.0 0.2734 0.2727 

2.6 1.4783 1.4694 2.1 0.9348 0.9301 2.9 0.8602 0.8548 

5.1 2.8981 2.8635 5.6 2.5239 2.4914 5.1 1.5091 1.4926 

10.1 4.3115 4.2070 10.1 3.7729 3.6837 10.0 2.6960 2.6378 

15.0 4.9416 4.7585 14.8 4.4223 4.2661 15.1 3.4864 3.3708 

20.0 5.3378 5.0658 20.1 4.8756 4.6363 20.0 3.9630 3.7857 

25.6 5.6653 5.2816 25.1 5.1709 4.8446 24.9 4.3063 4.0605 

29.8 5.8659 5.3897 29.9 5.4034 4.9854 30.0 4.5598 4.2401 

35.0 6.0830 5.4787 34.7 5.5844 5.0658 34.8 4.7604 4.3637 

39.9 6.2706 5.5306 39.8 5.7625 5.1276 40.0 4.9287 4.4442 

44.8 6.4574 5.5574 44.8 5.9073 5.1469 45.0 5.0593 4.4863 

49.5 6.6543 5.5727 49.6 6.0599 5.1589 49.7 5.1864 4.5202 
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Table B.7. Experimental absolute and excess adsorption isotherms of CH4 on HSZ-

390HUA 

T = 305 K T = 313 K T = 333 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.5 0.0751 0.0750 0.5 0.0372 0.0371 0.5 0.0218 0.0218 

2.0 0.3080 0.3073 2.0 0.1711 0.1706 2.0 0.1245 0.1241 

5.0 0.7326 0.7275 5.0 0.5391 0.5348 5.0 0.3998 0.3970 

10.0 1.3298 1.3093 10.0 1.0705 1.0528 10.0 0.8111 0.7992 

15.0 1.7984 1.7552 15.0 1.5007 1.4631 15.0 1.1553 1.1292 

20.0 2.1637 2.0928 20.0 1.8445 1.7823 20.0 1.4539 1.4094 

25.0 2.4547 2.3525 25.0 2.1250 2.0347 25.0 1.6936 1.6281 

30.0 2.6699 2.5348 30.0 2.3394 2.2192 30.0 1.9130 1.8234 

35.0 2.8596 2.6888 35.0 2.5258 2.3732 35.0 2.0995 1.9836 

40.2 2.9938 2.7875 40.2 2.6827 2.4964 40.2 2.2306 2.0892 

45.2 3.1154 2.8711 45.2 2.7983 2.5779 45.2 2.3557 2.1864 

50.1 3.2217 2.9389 50.1 2.9102 2.6542 50.1 2.4546 2.2578 

60.0 3.3660 3.0058 60.0 3.0628 2.7356 60.0 2.6299 2.3742 

70.1 3.4764 3.0347 70.1 3.1742 2.7728 70.1 2.7550 2.4388 

80.1 3.5360 3.0153 80.1 3.2536 2.7780 80.0 2.8531 2.4755 

90.0 3.5765 2.9762 90.0 3.3086 2.7586 90.0 2.9132 2.4761 

100.1 3.5911 2.9122 100.1 3.3275 2.7056 100.1 2.9549 2.4578 

 

Table B.8. Experimental absolute and excess adsorption isotherms of CO2 on HSZ-

390HUA 

T = 305 K T = 313 K T = 333 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

1.0 0.5603 0.5106 2.0 0.8737 0.7973 3.0 0.8745 0.7949 

2.2 1.2385 1.1841 5.1 2.3362 2.2376 5.5 1.6016 1.5094 

5.1 2.9401 2.8574 10.2 3.8676 3.7051 10.2 2.8023 2.6679 

10.2 4.3756 4.2215 15.0 4.5208 4.2902 15.1 3.5703 3.3797 

14.9 4.9618 4.7338 20.2 4.9525 4.6406 20.0 4.0598 3.8063 

19.9 5.3506 5.0347 25.1 5.2327 4.8365 25.0 4.3754 4.0546 

25.0 5.6207 5.2083 29.7 5.4346 4.9527 29.7 4.6139 4.2233 

29.6 5.8169 5.3083 34.7 5.6102 5.0262 35.1 4.8137 4.3397 

35.1 6.0173 5.3777 40.9 5.7839 5.0617 40.1 4.9674 4.4088 

39.4 6.1477 5.3973 47.3 5.9404 5.0562 44.9 5.0753 4.4335 

44.3 6.2620 5.3705 49.6 5.9881 5.0392 49.8 5.1853 4.4502 

49.5 6.4364 5.3607 -- -- -- -- -- -- 
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Table B.9. Experimental absolute and excess adsorption isotherms of CH4 on CBV-760 

T = 304 K T = 313 K T = 333 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.5 0.1035 0.1034 0.5 0.0477 0.0477 0.5 0.0121 0.0120 

1.0 0.1827 0.1825 1.0 0.1117 0.1116 1.0 0.0855 0.0851 

2.0 0.3538 0.3531 2.0 0.2199 0.2189 2.0 0.2151 0.2147 

5.0 0.8144 0.8087 5.0 0.6157 0.6099 5.0 0.5135 0.5104 

10.0 1.4322 1.4101 10.0 1.1779 1.1567 10.0 0.9423 0.9294 

15.0 1.9140 1.8678 15.0 1.6119 1.5689 15.0 1.3090 1.2807 

20.0 2.2837 2.2085 20.0 1.9655 1.8956 20.0 1.6066 1.5591 

25.0 2.5795 2.4716 25.0 2.2482 2.1479 25.0 1.8636 1.7935 

30.0 2.8054 2.6625 30.0 2.4671 2.3345 30.0 2.0849 1.9896 

35.0 2.9992 2.8187 35.0 2.6750 2.5062 35.0 2.2610 2.1391 

40.2 3.1777 2.9564 40.3 2.8429 2.6363 40.3 2.4220 2.2712 

45.3 3.3003 3.0390 45.3 2.9757 2.7311 45.3 2.5685 2.3870 

50.2 3.4263 3.1223 50.2 3.0965 2.8124 50.2 2.6806 2.4690 

60.1 3.6098 3.2190 60.1 3.3000 2.9328 60.1 2.8761 2.6003 

70.2 3.7638 3.2795 70.2 3.4600 3.0047 70.2 3.0360 2.6918 

80.1 3.8845 3.3045 80.2 3.5746 3.0314 80.1 3.1519 2.7396 

90.1 3.9634 3.2884 90.1 3.6708 3.0365 90.1 3.2614 2.7771 

100.2 4.0311 3.2572 100.3 3.7354 3.0104 100.2 3.3480 2.7902 

 

Table B.10. Experimental absolute and excess adsorption isotherms of CO2 on CBV-760 

T = 304 K T = 313 K T = 334 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

1.0 0.7605 0.7413 1.4 0.9108 0.8528 1.2 0.4914 0.4406 

2.1 1.5447 1.5200 4.1 2.3523 2.2754 5.0 1.7899 1.7217 

5.0 3.2573 3.2022 10.3 4.1731 4.0191 10.4 3.1109 2.9925 

9.8 4.6009 4.4753 15.0 4.8362 4.6097 15.0 3.8036 3.6295 

15.0 5.3068 5.0934 20.0 5.2866 4.9759 20.0 4.3018 4.0612 

19.8 5.7388 5.4340 24.9 5.6365 5.2324 25.0 4.6629 4.3481 

24.9 6.1017 5.6862 29.9 5.9294 5.4192 29.9 4.9498 4.5562 

29.8 6.4005 5.8662 35.0 6.1766 5.5469 34.9 5.1753 4.6948 

34.8 6.6723 5.9980 39.6 6.3832 5.6335 39.8 5.3849 4.8114 

39.7 6.9099 6.0847 44.7 6.5790 5.6829 44.8 5.5441 4.8723 

44.4 7.1242 6.1306 49.6 6.7700 5.7129 49.6 5.7076 4.9283 
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Table B.11. Experimental absolute and excess adsorption isotherms of CH4 on CBV-780 

T = 305 K T = 314 K T = 334 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.5 0.0394 0.0394 0.5 0.0318 0.0318 1.0 0.0568 0.0568 

2.0 0.2913 0.2908 2.0 0.1659 0.1654 2.0 0.1566 0.1566 

5.0 0.7173 0.7127 5.0 0.5494 0.5451 5.0 0.4536 0.4513 

10.0 1.2976 1.2784 10.0 1.0645 1.0471 10.0 0.8674 0.8566 

15.0 1.7385 1.6980 15.0 1.4733 1.4367 15.0 1.1970 1.1728 

20.0 2.0778 2.0113 20.0 1.8038 1.7432 20.0 1.4924 1.4505 

25.0 2.3593 2.2628 25.0 2.0745 1.9865 25.0 1.7323 1.6700 

30.0 2.5886 2.4594 30.0 2.2873 2.1699 30.0 1.9421 1.8565 

35.0 2.7845 2.6199 35.0 2.4874 2.3370 35.0 2.1161 2.0059 

40.2 2.9503 2.7482 40.3 2.6462 2.4616 40.2 2.2757 2.1384 

45.3 3.0913 2.8502 45.3 2.7894 2.5685 45.3 2.4209 2.2546 

50.2 3.2122 2.9315 50.2 2.9128 2.6551 50.2 2.5455 2.3499 

60.1 3.4175 3.0525 60.1 3.1265 2.7901 60.1 2.7500 2.4926 

70.2 3.5856 3.1303 70.2 3.3011 2.8806 70.2 2.9235 2.5992 

80.1 3.7445 3.1922 80.1 3.4442 2.9370 80.1 3.0756 2.6815 

90.1 3.8704 3.2185 90.1 3.5789 2.9790 90.1 3.1986 2.7327 

100.2 3.9747 3.2199 100.2 3.6917 2.9956 100.2 3.3155 2.7726 

 

Table B.12. Experimental absolute and excess adsorption isotherms of CO2 on CBV-780 

T = 305 K T = 314 K T = 334 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

2.7 1.8649 1.7644 1.5 0.8969 0.8130 1.5 0.5646 0.4741 

5.2 3.1180 2.9917 5.1 2.5381 2.4289 5.7 1.8740 1.7638 

10.1 4.3054 4.1139 9.8 3.7696 3.6051 10.1 2.8636 2.7146 

15.0 4.9375 4.6686 15.0 4.4836 4.2460 15.0 3.5816 3.3777 

19.9 5.3673 5.0122 20.1 4.9356 4.6182 20.2 4.0735 3.8047 

24.8 5.7252 5.2707 24.9 5.2856 4.8809 25.1 4.4310 4.0925 

30.3 6.0608 5.4809 29.9 5.5444 5.0443 30.2 4.7203 4.3041 

34.6 6.3795 5.6781 34.9 5.8473 5.2317 34.9 4.9652 4.4682 

40.9 6.6663 5.7792 40.4 6.1152 5.3607 40.5 5.1967 4.5972 

44.7 6.8789 5.8570 44.5 6.3150 5.4431 45.1 5.3945 4.7005 

49.3 7.1450 5.9292 49.4 6.5346 5.5058 49.4 5.5547 4.7651 

 

  



 

 

158 

Table B.13. Experimental absolute and excess adsorption isotherms of CH4 on Sorbead® 

WS 

T = 303 K T = 313 K T = 334 K 

𝑃 𝑛𝑎𝑏𝑠 𝑛𝑒𝑥𝑐 𝑃 𝑛𝑎𝑏𝑠 𝑛𝑒𝑥𝑐 𝑃 𝑛𝑎𝑏𝑠 𝑛𝑒𝑥𝑐 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

0.49 0.0187 0.0186 0.49 0.0169 0.0169 0.28 0.0143 0.0142 

0.98 0.0642 0.0639 0.97 0.0547 0.0545 0.49 0.0272 0.0271 

1.98 0.1454 0.1445 1.98 0.1244 0.1237 0.98 0.0532 0.0530 

4.98 0.3529 0.3481 4.98 0.3053 0.3015 1.98 0.1046 0.1040 

9.98 0.6319 0.6159 9.98 0.5538 0.5405 4.98 0.2447 0.2416 

14.97 0.8654 0.8331 14.97 0.7626 0.7357 9.98 0.4129 0.4041 

19.97 1.0894 1.0353 19.97 0.9464 0.9021 14.97 0.6317 0.6096 

24.97 1.2488 1.1718 24.98 1.1120 1.0469 19.97 0.7823 0.7465 

29.97 1.4126 1.3079 30 1.2639 1.1749 24.97 0.9153 0.8641 

34.97 1.5644 1.4293 35 1.4034 1.2876 29.97 1.0172 0.9504 

40.2 1.7120 1.5410 40.2 1.5318 1.3867 34.97 1.1329 1.0454 

45.2 1.8270 1.6211 45.3 1.6508 1.4739 40.2 1.2404 1.1309 

50.1 1.9448 1.7003 50.2 1.7595 1.5493 45.2 1.3423 1.2086 

60 2.1470 1.8210 60.1 1.9561 1.6732 50.1 1.4350 1.2761 

70.1 2.3469 1.9237 70.1 2.1334 1.7690 60 1.6048 1.3905 

80.1 2.5279 2.0003 80.1 2.2890 1.8377 70.1 1.7577 1.4818 

-- -- -- -- -- -- 80.1 1.8939 1.5523 

 

Table B.14. Experimental absolute and excess adsorption isotherms of CO2 on Sorbead® 

WS 

T = 303 K T = 313 K T = 334 K 

𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 𝑷 𝒏𝒂𝒃𝒔 𝒏𝒆𝒙𝒄 

𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑏𝑎𝑟 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 𝑚𝑚𝑜𝑙 ∙ 𝑔−1 

1 0.6604 0.6588 1.2 0.6307 0.6288 1.2 0.3982 0.3972 

2.1 1.0859 1.0806 5 1.5975 1.5791 5 1.1215 1.1096 

5 1.8870 1.8647 9.9 2.4316 2.3754 9.9 1.7762 1.7379 

9.8 2.8328 2.7658 15 3.1060 2.9949 14.9 2.2897 2.2148 

14.9 3.5858 3.4535 19.8 3.6455 3.4692 20 2.7402 2.6178 

20.3 4.2649 4.0443 25.5 4.2165 3.9462 24.9 3.1246 2.9473 

24.8 4.7843 4.4736 29.9 4.6001 4.2461 30.1 3.4998 3.2541 

29.7 5.3213 4.8933 34.6 5.0234 4.5618 35.1 3.8307 3.5101 

34.4 5.8210 5.2585 39.7 5.4652 4.8689 43.3 4.3339 3.8688 

41.2 6.5208 5.7211 45.4 5.9416 5.1675 -- -- -- 
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